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1. Kii\TETICS OF OXIDATI.ON OF SCHE ALIPHATIC JUfiNES 

BY- ALKALINE HEXACYANOFBRRATE (III) 

The kinetics of oxide.tion of some aliphat·ic amines 

(oethylamine, dirnethylamine, trimethylamine, ethylamine, 

diethylamine and triethylanine) by potessiu.m hexacye.noferrate 

(III), in alkaline me·dium, at constant ionic strength, under 

a nitrogen atmosphere, has oeen studied. 

The rates of these reactions were found to be 

dependent 0n the first powers 0f the concentra tions of both, 

substr~te and oxidant. The rate of the reaction was independent 

of the concentration of alkali in the range studied, for 

iiethylamine and di4lethylaoine. Jm e.Ucaline pX1 "t'las necessary 

for the facile oxidation of these umines. Though there was 
I 

no d3pend,?nce on L- alkali J over the pH re.nge studied, the 

reaction was not independent of pH, in th3 wider sensa. 

All the other amines (.trimethylamine, ethylanine, 

- diethylar.;~ine and triethylaLine) underwent facile oxidation by 
' ~ . 

aqueous .J!_exacyanoferrate (III) in neutral :medium:, ·that is, 

~thout using any alkali. 

I , 
Tl1e effect of che.nges in tewperature on the rates 

of the reactions h~s been studiGd, and the activation parameters 

h~ve~been evaluated. 

Variations in the ionic strength of the medium, 
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changes in the concentretions of added haxacyenoferrate (II) 

ions, and the addition of salts, did not have any effect on 

the rates of these reactions. 

The presence of radical intermediates, forced in 

the rate determining step of the reaction, has bean detected 

and characterized by ESR spectroscopy. 

The reaction pathway h~s been mechanistically 

visualized as proceeding via the formation of radical 

intermediates in the rate determining step. The radical 

underwent further reaction to yield the products. The products 

formed from the oxidation of nethylamine, dioethylaQine and 

trioethylanine were the respective N-acyl derivatives. The 

products from the oxidation of ethylacina, diet~yla21ine and 

triethylaoine, ware the respective dealkylated products. These 

products were characterized by analytical end spectral methods. 

2. .KINETICS OF OXIDJ~ION OF SOlJlE AilOlf.J..TIC A1.'4I:NSS BY 

ALKALINE HEXACYANOFERi.i.Jd'E (III) • 

The kinetics of .J:lcidation of sone arowa.tic eoines 

(aniline and substituted e~ilines, N-oethylaniline, N-ethyl­

aniline, N,N-di~ethylaniline, N,N-diethylaniline, banzylamine 

and substituted benzylaoines, diphenylaoine and substituted 

diphenylaL.J.inas) by potassium hexacyanoferrate (III),, in 

alkaline oediuo, at constant ionic strength, under a nitrogen 
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The rates of these reactions were dependent on the 

~irst powers of the co~cent~ntions of both, substrate and 

oxidant. The rate of the reaction was independent of the 

concentration of alkali in the range studied. An alkaline 

pH was necessary for the facile oxidation of these amines. 

The raacti~ns were in~luenced by changes in the 

teoperature, and tha activa~ion parameters have been evaluated. 

Variations in th~ iouic strength o! the ~ediua, 

changes in the concent~ations of added hexacyanoferrate (II) 

ions, end the addition ot salts, did not have any effect on 

the rates of these reactions. 

Increasing proportions of oethanol resulted in aD 

increase in the rata of oxidation, in the case at aniline and 

diphenylamine. In the case of N,N-dicethyleniline. the reverse 

trend was observed. Pl8ts of log kobs against the raci~ocal 

of the dielectric constant. were li~ear, indicating tbat the 

reactions under consideration were of the ion~dipole type~ 

The introduction Qf electron-releasing groups 

caused an increase in the rate of the reaction; whereae 

electron-withdrawing groups caused a decrease in the rate 

of the reaction. Ham:Jiett plots of log kobs against ~ (or c:s-) 

ware linear. wttb the values of ~ •- 1.0 (anilines), and 

f8! - 1..0 (for diphenyl~l.n.es £".1'\.d benzylamines). The f 
values for these substrates (anili~es, diphanylacines and 
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• 
ben~ylamines) were in tb.a- re.n&a 1Dr F.oc.oAeg ~~eia the 

rate determining step involved the tormatioD of radical 

intaroediates. 

The oxidation of benzylaoine -e/... -d2 exhibited a 

kinetic isotope effect, with kal~ • 6.3, inaicating a cleavage 

of tae C-H-bond of the methylene group ~ttached to tne aryl 

ring, resulting in the foroation of a radic~l intermediate 

in the rate - determining stap vf the reac~ion. 

The presence of radical intermediates waa detected 

and characterized by ESR spectroscopy. 

~he reaction pathuay has been Iil6Cb6nistically 

visualized as proceeding via the torsation ot ~ radical 

interoediate in the rate determining step. The radical was 

rapidly converted to the products. !~forts to isolata 

intermediate produet(s) ware not successtul. 

The products obtained fro~ the oxidation of tha 

various arooatic acinas, were: 

(a) azobenzene (80-05%), froo the oxidation of aniline; 

(b) formanilide (?o%) fron the oxidation of N-~ethylaniline; 

(c) formanilide (7~) and foroaldahyde (1~),trom the 

oxidation of N-ethylaniline; 

(d) N-mathylfornanilide (75%)~ from the oxidation ot N.N­

dicethyla.niline; 

(e) fornanilide (7~~), acetaldehyde (1~) end formaldehyde(10%), 
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from t~1e O:ltidation of N ,N-cl.iethylenilina; 

(f) tetraphenylhydtazine (0~~), troo the oxidation of 

dip:'lenylaoine • 

(g) benzaldehyde (OU~) and ammonia, from the oxidation 

of benzylawine. 

The products forced, in each case, wera isol~ted end 

characterized by analytical and spectral oethods. 

3. KINETICS OF OXIDL.TION OF SOl-B INOR.G.t.l-liC SULFUR 

COl-l?OUNDS BY H·KAJ.pi3 SEX.ACYANOF&R.~E (III). 

The kinetics of oxidation of soce inorganic sulfur 

coopounds (sulfite, ~etabisultita. dit~ionite, t~iosulfate 

and t~1iocyanate) by potassiuo !la:Kacyanofar-rate(III), in 

alkaline medium, at constant tonic otrensth, under a nitrogen 

atnosphere, has been studiec. 

The rates of the reactions were observed to be dependent 

on t~a first powers ot t~e concenttations of each, substrate 

and oxidant. The rates of tae reactions were dependent on 

the first powers of the concentrations of alkali in the range 

studied, in tha ease at eulfite, metabi~ulfite and dithionite 

ions. In the case of thiosulfate and thiocyanate ions, the 

rates were independent of the concanjrations of alkali in the 

range studied. 
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The rates of t~e reactions were influenced by changes 

in teoperature, and t2e activ~tion paraoeters have baan 

evaluated. 

Variations in the i·onic strength of t'.J.e mecliun, and 

chanses in the concentrations of added hexacyanoferrate (II) 

ions, did not have any affect on the rates o~ these reactionc. 

Radical internediates were detected in the OJ!:ide..tion 

reactions o~ sulfite, dithionite and thiocyanate ions. 

The mechanistic pathway envisaged the foruation of 

radical interuadiates, in the case of tae oxin~tion of 

sulfite, ditnionite and thiocyanate ions. Rapid dioerization 

yielded the products, wL1ich were isolatad and che.racterizecl. 

In t~e oxidation of t~iosulfete, the interoediate anion 

underwent re..pid dimerization to yield the product, which 

W&S isolated ar.d characterized. 

4. KINETICS OF OXIDJ~!ION OF _.!30i"YIE OilG.ANIC SULFUR C01:1POUNDS 

BY ACIDIC :S:EX/4.CY/J:.JOF2Rl-uTE (III) .. 

The kinetics of oxidation of sowe organic suliur 

COQDJunds (thioQa~ic acid, thioglycolic acid and thiophenol) 

oy potassium hexacyanofarrate (III)~ in acidic medium, at 

constant ionic strength, under e.. nitrogen atoos~Jb.ere. :b.:.s bac:n 

studied. 
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~he rates of the reactions sh~wed a first order 

dependence on the concentrati.Jns of each, substrate c~na. 

oxidant. Tb .. e rates: of the ree .. ctions sil'J~Jed a firot order 

dependence on the c·:mcentratioJC. of acid ( in the case of 

t2ioglycolic acid and thioyhenol), but showed an inverse 

dependence on the concent=ation of the acid, in the case 

of thionalic acid. 

The rates of the reactions were enhanced, with an 

increase in the temperature of the medium. The activation 

paraQeters have been evaluated. 

Increasing proportions of oethanol resulted in an 

increase in the rate of t~e reaction, in the case 'Jf thiophene:. 

A plot of log k0b~ againot the reciprocal of the dielectric 

constant was linear, indice .. ting tllat the reaction 1r1as of tb..e 

ion-dipole type. 

Variations in t~e ionic strength of the medium, 

Ci..lauges in tb..e concentrations .Jf added ~'lGXacyano ferrate (II) 

ions, the addition of salts~ P .. nd the addition of the product 

itself, did not have any effect on t2e rates ~f these 

oJcidc .. tion reacti::ms. 

The presence of radical interQediates was detected 

and characterized by ESR spectroscopy. 

The :::nechanisw of tile reacti.:>n involved the for:o.ation 
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of radical interoediates in the rata deteroining step. 

The subsequent step involvad 2. ra:pid diuerizati:::m of the 

ra~irial, to yield the respective disulfide. The products 

forned have been ch&racterized by anal~~ical ~nd spectral 

;::J.ethods. 
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INTRODUCTION 

Metal ion oxidants can functio~ either as one-equivalent 

or two-equiv~lent reagents. Ona~e1uivalent OA~dants are 

those which accept a sincle electron by direct transfer 

or by interaction with a h3rcxo5en ato~. Two-equivalent 

oxidants can accept two electrons fran t~e substrate. 

In one-equivalent redox processes, the change of 

valency can be brought about by either an inner-sphere or 

an outer-sphere mechanism(1). 

1. Inner-sphere mechanism: 

The inner-sphere or bonded mechanism envisages a 

direct contact between the oxidant and the reductant, ~nd 

the treL3ition state is chaL"~cterised by a ligand which is 

bonded to both wetal ions. It can therefore act as a bridge 

between thew for the tranofer ~f an electron. The typical 

reaction iS (2): 

2+ 2+ 5 Crel aq + Co aq + NH3 

The forruation of an inner-sphere transition state 

would lead to co~siderable distortion of the ions, which illay 

thus ass1et electron trafisfar by reducing the enerey terms 

involved. In order that an innGr-sphere necha~iso ccn oper~tos 



2 

the ligand present should behave in a bidentate manner. 

The lig~nd must possess available pi-orbitals, end one 

of the reagents involved cuat 11ave a ligand which can be 

easily displaced. · 

2. Outer-sphere oechanism: 

Outer-sphere electron exchange reactions constitute 

the aio~last class ~f electron transfer reactions. In an 

outer-sphere mechanisc, tha inner co-or~ination shell of 

both reagents is preserved intGct in the transition state. 

Since the oetal-ligand distances will be affected by valency 

change, so~e distortion of the inner sholls would occur, but 

no oetal-liuand bond would be broken or fQraed. 

The criteria for outer-sphere or non-bonded reactions 

are as follows: 

(a) there oust be no observed transfer of ligands between 

the reagents; 

(b) the r~te of the reaction ney have any aagnitude, but if 

it is taster than any reasonable rate of substitution of 

th3 ligends of either oxident or reductant, then the 

reaction c~n be classified as an outer a~here reaction; 

(c) the activation energy of this t~;e of reaction should be 

cuch less than that anticipated for a mechanism involving 

ligand - net~l bond fission; 
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(d) the kinetic law of the reaction must show that the 

transition state has the same composition as the sum 

of the reagent molecules. 

It would therefore be expected that QOSt outer 

sphere processes would be fast reactionsbetween complexes 

which are substitution-inert. in solvents which are not 

themselves providing ligands. 

Most or~nic reaction processes are explicable 

in terms of electron shifts accompanying bond format~on 

and bond breaking. The rates and activation energies of 

sun~ reactions are therefore of considerable interest. 

The essential step~ in these reactions wauld be: 

(a) the approach of two reagent ions, which may be aided 

or hindered by electro~tatic forces; 

{b) before electron transfer can occur, two conditions must 

be obeyed (3), in accordance with the Franck-Condon 

principle: 

(i) the electron tr&nsfer must nQt alter the energy 

of the system. This electron transfer occurs in a very short 

time, and the only possible loss or gain of energy would be 

by radiation. Electron transfer can occur only if the oxidant 

and reductant have been vibr&tionally excited to the same 

total energy. Thus, when the two valency stat3S of a reagent 

are closely Si~ilar in bond energy and geo9etry, the outer­

sphere process would be ex~ected to be most facile. 
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(ii) the overall spin a~uler momentum should not 

be altered, 

(c) the process of electron transfer itself. If the ree.gent 

complexes are sufficiently close and of suitable symmetry, 

such that there is some interaction between the orbitals 

involved in electron tr~nsfer, than the probability of 

electron transfer would be esoentially unity. The requiremGnt 

of orbital overlap can be related to the orbitals of the 

reagents, This would suggest that in octahedral complexes, 

t 2g electrons might be more easily transfe:red than eg 

electrons which are in orbitals directed along the metal-

ligand axis. 

In order to establish that an outer-sphere or 

non-bonded electron transfer can occur from an organic 

coBpound to a metal oxidant, it is necessary to choose a 

suitable model system in which the probability of non-bonded 

mechanism would be a maximuo, and that o~ the coQpeting 

bonded process a minimio. The oxidant should be so chosen 

such that it possesses lig~nds which are slow or diff~cult 

to replace. The organic substrate should be so chosen 

sucl1 that it is not likely to displace ligands fran a getal 

ion complex. ~amples of such exchange-inert oxidants are 

the iron (III) tris-o-phenanthroline complex (4), Ir Cl6
2-

ion (5), Mn (III) tris-acetylacetone complex (6), eerie 

ions (7). and the hexacyanoferrate (III) ion (0,9). 
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In the reactions of one-equivalent oxidants with 

organic substrates, the most frequently encountered oxidation 

process would seeo to correspond to an electron transfe£ 

between substrate and oxidant, accompanied by the breaking 

of a C-R bond an4 loss of a p~oton to give a substrate 

radical as for example (1c}: 

Co (III) + c6:a5ca:3 ~Co (II) + c6H5cH2 + H+ • 

It would therefore be expected that the loss of a proton 

would be slower than electron tr&nsfer, ar.d hence would 

correspond to tile rate determining step-

The presence of radic&ls aay be inferred by their 

oxidation or reduction of added inorgenic ioLs, or by their 

ability to cause polymerisation to occur with added monocer, 

as for exaople, acrylaaide or acrylonitrile. If tile radical 

is prese~t in sufficiently hi~~ concentrations, its presence 

can be detected by electron s~in resonance spectroscopy. 

Although the radical nay undergo oany other procasses, 

it is .:!ost probable that i1: tb.a presence of an excess of 

oxidant, the radical will be oxidised furtl'ler. Examples are 

knov/n where the main meche~nisos of tl1is step may be: (a} a non­

bonded electron transfer (conversion of a neutral radical to a 

catton), as for exam~le the oxidation of 2,6-dimethylphenol 

by hexachloroiric1ate ion (5), and the oxidation of hydro­

quinones by ferric ions (11); (b) bonded electron transfer 
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or the transfer of a ligand from the o.jidant to the radical, 

as far ex~ple, the reduction of IrCl~ by Cr2+ ions(12); 

(c) redox SUbStitution, in Which the radical remainS attached 

to the complex, as for exawple, the phenylation of the 

ferricenium complex (1},14); {d) redox addition, where the 

radical re~ains attachad to the complex, as far example, the 

reaction of hexacyanoferr,~e (III) with isobutyraldehyde(15). 

Oxidution of or&anic substrates with potassiuc 

hex~cyanoterrato (III). 

Potassium haxacyanofarrate (III), x
3
Fe(CN) 6, is 

essentially a substitution-inert transition metal co:::uple}' 

(16). It does not exchange its ligands at a rata fast eLough 

to complete with r&pid electron transfer. Therefore, 

oxidations by hexacyanoferrate (III) i~n occur by means of 

a non-bonded electrol'l transfer or outer sphere process, l"lh3reby 

an electron is transferred .fro2 the substrate to the metal 

ion through the cyano ligE.nd. 

In acidic medium, potassiun hexacyanoferrate (III) 

has been used ior the oxidatiJn of sulfur containing compounds 

(17-25). toluene and substitut3d toluenes (26-29), diphenyl­

methane and triphenylmethane (30), fluorene (31), unoaturatod 

systews (32-33), and polynuclaar systeus (34,35). 



In alkaline medium, potasDi~ hexecyanof3rrate(III) 

has been extensively used for the oxidati~n of various kinds 

of organic substrates such as aldehydes (36-40), It:etones 

(36,37,41-47), alcohols and dials (48-61), sulfUE compounds 

(62-69), acids (70-81), sugars (82-85), hydrazines (86-89), 

acyloins (90-92), A$ (III) 93-95, hypophosphite (96,97), 

i1yclrocarbons (98), phenols (99-116), amino acids (117-119)) 

amines (120-127), and the 10-metb.ylacridinium ct.tion (120). 
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SCOPE OF TB.E FRESmNT INVESJ.liGATION 

The present investigation is a detailed kinetic 

probe into the oxidation of various organic and inorganic 

substrates by potessiuc bexacyanoferrate (III) in alkaline 

ced~~. at conotant ionic strength, in aqueous methanol, 

under a nitrogen atmosphere. The organic sulfur compounds 

have been oxidized by potassium haxacyanoferrate (III) 

in acidic medium. 

The purpose of this kinetic investigation has bean 

to attoopt to extend the scope of this extreualy efficient 

and versatile one-electron oxidizing agent, potasSiUQ 

hexacyanoferrate (III), in alkaline and acidic media; artd 

to explore and establish ~~chanistic pathways of reactions 

[_; involving the oxidet1on of nitrogen and sulfur cm:1p9unda. 

The purpose of t~e present study was: 

(1) to study the kinetic feattrres of the oxidation of 

nitrogen and sulfur coopounds; 

(2) to deconstrata the usefulness of potassium hexacyano­

ferrate (III) as a reagent which can bring about the 

following kinds of reactions; 

(a) oxidative dealkyletion of aliphatic amines; 

(b) oxid~tive coupling of arouatic emines; 

(c) Oxidation of N-alky.l side chains of aro~atic 

aoines. 
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In the present invastt~at1on, the eubatr~tes 

chosen tor the purposes of oXidation by pot~aaium 

.bexe.cyanoferrate (III). in alke.line me~»'lil• have inoludad: 

1. Aliphatic amines (methylamine, di~etbYlamiae, 

trimethylaoine, etbylamine, diethyl6Cine, 

triethylamine) 

2. .t..roaatic noinos (o.nili.ne ~ad su~et1tut~d alliline•,, 

b3nsyl~ine And substituted beasylam1nes, diphenylaQine 

and substituted diphenyl~ines. N-metbylaniline, 

N-ethylaniline, N,N-dicathylaniliae, N.N-diethyl~niline). 

3. Inorganic sulfur compoundS (sulfite, metabisultite, 

dithionite, thiosulfate and thiocyanate) 

4. Organic sulfur coQ»ounds (thiocaltc acid, thioglycolie 

acid, thiophanol). fhe oxidation of or&anic sulfut 

coopounds has bean tarried out in acidic madium. 

All the reactions have been carried out undor 

nitrogen atmosphere, so as to eneqre the absenca o~ any aerial 

oxidation. 

For each oxidation reaction, the stoichiometry 

ot the reaction has been determined. Th~ concantrations 

of the subetrate, oxidant and alkali (or acid) bave boen 

varied, and the effects ot these variations on the reaction 

rates have been studied. The solvent coQposition has been 

varied, in order to study the ettect of dielectric constant 
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on the rate of the reaction. C~anges in the temperature ot 

tho reaction oedium have been made, and the activation 

parameters were evcluated. Variationg in the ionic ~trangth 

of the wadiuo, changes in the concentretions ot added 

hexacyanoferrate (II) ions, the addition o! salts, and the 

effect of added product Jn the retes ot the reactions 

have been studied. The r~esence of radical intermodiates 

has bean detected and ch~~acterized by ESR spectroscopy. 

For each reaction, the products have bean isolated and 

characterized by analytical anQ spectral gethods. The 

oechanistic pathway for each reaction has bean suggested • 

and the presence of radical intermediates has been confirced 

by ESR spectroscopy, polywerization reaction•, the Hammett 

plots and kinetic isotope effects. 
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PURIFICJ .. TION OF NJ.1.TERI£S J..ND P3.EPJ.~l151 I ON OF' COHPO"JNDS 
------------.~~~--~--------~----

Conductivity '1ater: 

Conductivity -;;re.ter 'JJe.s pre;._n.red by t[.le fOllOirJing 

per:::.1e.nganate and then redistill·sd ;vi th i{erck "Pro l:.r~a17si". 

sulp~1uric ~cic1 froc 1u1 all-c;lass vessel. This se_:Jple of 

double c1istillea. -vJate~~ vJas furt~~er distill8d fron a.n 

all-qu~rtz vessel (Sunvic, U .. K.). The cor,.O:.u.ctivity Hater 

thus prep~red was utilised. f.Jr t\0.3 pre}pe.rati;:m. oi alt ·t~1e 

solutions used in t~e kinetic deteriliinations. 

l~etilanol ( E .Eerck ) 'fiJe.s distilled before 'l1J3e 

E. M:erck se.IT..ple ··~TE.~s used. 

Pot~ssiu.m l.1e::Kacye.noferrate (III): 

E. Here~( SaQple 'llle.s :;~sed. 

Potassium hexacyanoferrate (II). 

Potassiu~ C~loride 

BD~I (!.It) grade SEu:J.ple was used. 
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Sodium perchlorate: 

Sodium perchlore.te ~Jas prepared by neutralising 

70% perchloric acid (E" i>.ierck) >'JiLl. sodium hydroxide (E .Merck) • 

The solution was concentrated, Wl'?.en crystals of sodium 

perchlorate ware obtained. Ths crystals wars filtered, end 

recrystallised from water. The recrystallisod product wes 

dried ov~r silica gel under vacuum. This sample of sodiuw 

perchlorate vias used for the preparation of stoci~:: solutions 

which were employed for Glc..intc..ining tl1.e iihnic str:.:mgth of tho 

raedium.. 

Substrates 

N:ethylamine ( 307~ ~ w /v) , dimethyla;;;-1ine ( 40~~, w /v) 

and tril'clethylamine (30% ~ w /v) \'Jere SD' s samples. Ethyla,:,Jine 

( 40~~ 9 --.:jv) ~ diethyla;.:J.ine ar .. d triethylamine were SD' s sacpL::s. 

Aniline and the substit'..lted anilines, N-methylanilina, 

N-ethylanilinep N,N-dimethylaniline, N,N-diethylaniline, 

benzylamine and the substituted benzylamines, diphenyla~in8 

and the substituted diphenyl&::J.ines were all E. Herck saoples. 

Thiomalic acid was an SD'o sc:.uple. Thioglycolic e.cid and 

thiophenol were E. Merck sampl9S. Sodium sulfite 9 sodiv~l 

thiosulfate and soditiD thiocyanate were SD's semples. Sodiuoc~ 

dithionite and potassium cletabisulfite were obtained froo 

Loba Chemical Co •• 
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All the substrates were purified by distillation 

or crystallization until thoir boiling points or w.elting 

pointsp respectively were i:n egreenent with literatpre vnlueo. 

The purity of eech of thG Gubstr.ates wes checked by spectral 

analysis • 

.All ir spectra l'Tere recorded on an IR-297 

(Perkin Elmer) spectrophotometer 9 uv spectra on 2n UV-26 

(Becko.an) spectrophotometer, nor spectra on an ID\1-390 (Vc:xim:c) 

90 ~4Hz M~ spectroweter 9 and esr spectra on en E-4 (Varian) 

EPR spectrooeter. 

Tile boiling points~ nelting points and tho 

spectral data obtained for each of tho substr-ates usedp ere 

suomarised in Table 1. 

TABLE 1 

Boiling points 
Substrate or 

Points(°C) 
uv(no)* 

Melting 

(1) (2) (3) 

Hethylar:2ine 300/o p w/v 190 (M) 

Dinethylaoine 400/o ~ wjv 188 (E) 

Trioethylanine 30'/o g "Vl/V 192 (ra) 

Etb.ylao.ine 400/o' "'J/V 177 (l\1) 

Diethylaraine 56 (bp) 194 (lil) 

Triethylaoine 89 (bp) 196 (M.) 
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(1) (2) (3) 

J.l'liline 184 (b:p) 230 (H) 

p-e.nisidine 57 (o.p) 2.32 (cH) 

o-anisidine 22y (bp) 237 (cH) 

p-toluidine 42 (np) 236 (M) 

a-toluidine 200 (bp) 233 (M) 

a-toluidine 203 (bp) 238 (H) 

p-chloroan.iline 232 (bp) 296 (M) 

o-chloronnilino 208 (bp) 290 (ca) 

m-chloroanilino 230 (bp) 292 t") .t~ 

p-~itroaniline 148 (op) 228 (i-..) 

o-ni troa;.1.iline 72 (op) 231 (A) 

o-nitroaniline 114 (op) 235 (i .. ) 

Benzylaoine 1_85 (bp) 265 (iO) 

p-oethoxybenzylaoine 236 ( bp) 254 (H) 

p-oethylbenzylaoine 204(bp) 270 (I~) 

o-methylbenzylnnine 206 (bp) 250 (I~f) 

o-oethoxybenzylaoine 141 (bp) 245 {14) 

p-chlorobenzylaoine 109 (bp) 291 (r·f) 

n-chlproben~yl~oine 89 (bp) 288 (1~1) 

p-nitrobenzylamine 40 (::ip) 275 (r.1) 

m~nitrobenzylao.ine 65 (np) 260 (M) 

DiphenylaDi:no 54 (wp) 208 (H) 

p-aoinodiphenylaaine 66 (Llp) 286 (11) 
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(1) (2) (3) 

p-oethoxydiphenylaoine 105 {mp) 28lt (io.) 

p-methyldiphenylaoine 293 (bp) 206 (A) 

c-nitrodiphenylamine 114 (op) 265 (.t .. ) 

p-nitrodiphenylamine 133 (J:Jp) 258 (M) 

N-.:::rethylani line 196 (bp) 293 (M) 

N-et~1.ylaniline 205 (bp) 295 (1:1) 

N iN-dinethylaniline· 194 (bp) 205 (A) 

N~N-diethylaniline 216 (bp) 258 (lJi) 

Sodiun Sulfite 150 (~p) 

Sodium tuiooulfate 48 (op) 

Sodiuo thiocyanate 287 (crp) 

Sodiuu ditllionite 52 (mp) 

Potassiuo oetabisulfite 190 (np) 

'rl1iomalic acid 15q (np) 228 (A) 

Ti.1ioglycolic acid 120 (bp) 240 (cH) 

Thiophcnol 169 (bp) 2)6 (cH) 

* A = Alcohol; 

M = t4ethanol; 

R = Hexane; 

iO = Isooctane 

c3 = cyclohexane 
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Kinetic method: 

All t~J standard flesks end r8acti~n vassals war~ 

of pyrex glns:J vJi th W3ll-ground stoppers. The rec:.ction vessel'­

used were stoppered conical flasks which wore painted black 

o~ th3 outside to prevent any p~otocheoical change. All t~e 

glass apparatus used were tested for loss of solv.ent, an~ the 

loss was found to be negligible. The standard flasks, reaction 

vessels and the pipettes used v!Gre standardised, using 

conductivity water 1 and ti.1e correction was found out and 

applied. 

JUt electrically operated thoroostatic we.ter-beth 

was used. It was provided with oufficient ther8al le.gging9 

suitable heaters e.nd stirrers with proper cooling arrangeoents 

for continuous work. L xylene-filled regulator, working in 

conjunction with an electronic relay, wc.s usod to m:dntain 

the re~uired teuperatures accurately~ with fluctu~tions of 

not nore than :!::. 0.1 °C. The te:.JJ.pero.tures wer-e'" recordad by 

oeens of an accurate sensitive thernoneter 9 reading to tenths 

of a degree. The bath-liquid was waterp covered with a lay3r 

of liquid paraffin to ainimisa evaporation of ~vater and luao 

of heat due to radiation. 

Spectrophoto~eters: 

For absorption Dee.surGo.ents 9 tl:..e spectrop:1.otow.etero 

used were (a) Digital spectrophotoaeter type 106~ ~lli II model 
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(systronics)g and (b) UV-26 (Beck~an) Vv-Visible spectro­

photooeter. 

(a) The MK II nodel (Systronics) spectrophotooeter was a 

single bea~ spectrophotoweter having a gr~ting of 600 lines/nrr:9 

and a wavelength range from 340 nm to 960 nm. The nooinal 

spectral slit width was 20 nm~ constant over the entire 

range. The full scale deflection could be obtGined over 

the wavelength range of 340 nw to 600 no. By the addition 

of a red filter and interchanging of the phototube 9 the range 

could be extended to 960 no. In order to ensure gaxioum 

sensitivity of the instrUdent, anQ to ninioise the errors in 

oeasureoents of optical density due to fluctuations in 

voltage, the spectrophotooeter was connected to tue nains 

through an external voltage-stabiliser. This was in addition 

to the in-built voltage-stab-iliser within the instruwent 

itself. The light source was a 15 watt tungsten lamp operatod 

by ~ regulated power supply. T(le instrUQent was ce.librated 

as specified in the instruction oanualg over tho range of 

concentrations of K2Cro4 in KUd soluti~ns, so as to verify 

Beer's law at 370 nm, 

(b) The UV-26 (Beckman) UV-Visible spectrophotoneter was a 

single oonochromator, having a filter-greting of 1200 linesjn~9 

end a wavelength range from 190 to 900 no. This spectro­

photometer had a theroostatic control ~rrangewent and the 



29 

absorbance vah,le was cl.isplaysd directly on the digital 

display and on the recorder. P.~lotosetric linearity was 

c!J.ecked over t!.le range of conce'i"_trZ:.tio:rdJ of K2CrD 4 U'1 KO:::I 

solutions» as specified in the instruction .:::an;Jial » oo e.s 

to verify Beer's lairJ a.t 370 :rn,m, 

Absorption cells: 

The absorption cells were of 'Corning' glass and of 

8 r.1l capacity far t!.1a spectropi1oto ,~later 106 }-lli II J.Tiocel 

(Systror::.ics). Quartz cells of 5 Gl ca~:::a.city were usee!. for 

spectral deter::.:.inations '!lith. t~1e UV-26 spectroprwtoeeter 

(Bec::Lllan). J..ll t~1e cells used. 'irJere t:'lox·otlgD.ly clean3cl by 

aqueous ethanol and &cetone » and dried "befor-3 t:1e7 \;Tere used 

for t~1e S;)ectra.l r:;:easure:nents. After t~1e tranofe.r of ti1e 

solution to the cell» care was taken to see t~'!at no so lu·cion 

aill1ered to the outer surface of the cell. During the 

Solutions of hexc;,cyar-_oferrate (III) in met~'lanol -

~iiater uixtures ( 60-40 to 75-25'1~ v /v) were prepared. The 

absorbance of eac.~~~ of t~J.ese Solutions ~tJas scanm~d over tL1e 

ro.ne;e of vJavele:ngths fro2 350 n:J. to 700 n~1. T~!.e _::_e.x.:im·:-m 

absorption in each case wac located at 420 no (Fig.1). ~t 

-ir.favelengti2. of 420 nml' th.3 absorption due to Fe {CN)~- has b2en 
0 

observed to be a ;.;,1c.::;a;:;.mo (1), t~?.e a.bsorption C.ue to Fe ( ClJ) ~-

bein~ negligible (2). 
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.At 420 nm, Beer's lairl "Vle.s obeyed over t~1e ran&;e oi 

concentrationo oi solutions usec1. A typical gra~J:'l oi' t~1e 

. { )3- . O)tical density against t~e co~cant~at1on of Fe\CN 6 1S 

ShO'{tJn ( Fig.2 ). 

In t~is investigation~ all the O?tical density 

accur<dely into a 10 ..:ll st<u.:dard :flc.SI{ c:.n.d c.mde uy "VJi th t:.~.e 

r e:.i uired m.~ lar so 1 :.,J.tion. Potassiu.::, ~1e2re.cyar;ofe::cra te (III) 

of socli~.-B i.J.yd.ro:lt:ide aolution~ 'Jhose strengt~1 :!.ad b9nn 

deten'1iLed was added to ;:-J.aintair.':. t~1e required alkalinity. 

Sodi ur.1 :perchlore.te (or pota.s2i"JWJ c.~::loride) vTc:...s · arided so 2,8 to 

'Vl&.s t~1.en :1aG.e u~J in methanol ar.<:.\ 'jJater. Sufficie!.""·t tiae was 

allo'!i"led to cogpenaate for a::1y change of heat during dil~:tim':.. 

The t'V'JO reacta:rct solutions ;,Jere sepc:.rately ther::.ostat3d. at the 

T~1e sol;.;cti;:n.!l3TrJere thei1. m.ixe:i ir:. e:Jual volLlffieG. T~-:1e reactior~ 

reactiono 



Tha progress of tha reaction w~s foll~Wef by 

observing the disa~pearanca of ~ex~cya~Jferrate (III). 

ti'le c}acrec..ae in optical dar..oi ty at 42C n:: g spectrop~·wtometricc:.lly • 

.J;.ll the kinetic experi::nents 1--.rere ce:rri :::6. :)-ut in 

duplicc;.te or in triplice.te ~ ar,_:_ the rate coc,Jte_nts ~rJ>ich "!Jere 

deternin:Jd "VJere fou:nC:. to be repr:Jducibla to ~liit~1in ~)~~. 

Calculc:.tions: 

(a) ~ate constsnto: 

For all ti1e liinetic det·::J:Clliir:ations 9 pseutS.o-fir.Jt 

concentre.tio:n of ti:1e subctrate :1-E-S been te.~{en in a very larg:J 

expressed 

The pseudo-first orc~er rate co::ste.:;.1t !i I{_obs 1 

-1 
e~s sec , were 

2.303 
t 

celc~lated froo the eQuation 

!.1 
0 (i) 

(3): 

Wi'lera D 'VIas t~e initic-,1 opticLl c18nsi ty :)JC the ree.ctior_ 
0 

Dixture ~ e-nd Dt \IJas t~:.e opticc..l density at ti:de 1 t. 

The logarithnic plate of optical densities a~ainst 

ti::1e v!ere linee.r 9 c:.nc1 axtrapolatLJJ.: to zero ti.::.1e g;;,ve t~:.e 

values of D
0

• 
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T~'le values 3f t:.J.s cec.J::~c1 orcer rate COl~stc:.r.t ~ 

. . -1 -1 expressed 1n ~ s , ~Jere COEl.puteC.. oy c-:.ivic1ing t:-:e 

pseudo-first order rate c.Jnat~nt ( kobo' s-
1 

) by t~e 
cancentre:.tion of tl1e substrete (E) . 

Jdl valuas of re.te COi.',atc..nts were the c.verc..ge of 

tvlo or 2ore ezperi:Jer.t·s, wi t~1 e.gree.::J.ent being Within + 3%. 

(b) ThernodynaBic activation psre.meters: 

T:1ese parao.eters ·were deter.-.:ined from e. stuc:..y of 

the effec-t cf temperature on ti.1e rate .Jf ti1.e reaction. 

The various pare.w.eters ~1e..ve oea:n c~lculated e.o 

follovJS: 

( .;\) 1 t t' ( ) ~ .c iva 10n anergy E 

Fron the linear plot of log k , a ag~inst t~~e 
00>::> 

slope = 
-2.303 R 

( - -1 E = - slope ~c 2.303 R ,6:J mol ) 

(ii) Frequency factor {k) 

-F/RT k =Ae :.~ obs 

E 
log A = log kobs + 2.303 RT 

{iii) Enthalpy of J.ctivatioh ( ~ H * ) 
d: 

Ll !-! 1 = E - RT 



(iv) Entropy 
kT e::.s'*/R -e , 
h 

....L 
~s -r ::;: 2.303 R [iog kobs + 

35 

R.T 

~it-=!= - log 2.303 aT 
kT J 

h 

vihere k is the Bal tzrJann c::mstc..nt 1 :J~lc:. ~1. is the Planck 1 s 

constant. 

Stoi c~1iooetry: 

ae£:.cti :)!> filixtt:rres cor:tc-.in.ing tl1a su'.Jstre.te and e.n 

excess of hexacyanoferrate (III), taken in a known solvent 

co!:lposition of met!J.anol e.nd. ·tte..ter, contedning t~e re.:;t·:lisite 

ar::.1ou.r.ts of sodiuo .hydro::l~ide and socliuc:1 perchlorate, vtJere 

allowed to react to coopletion at a particular te~)erat~e. 

The hexacyanoferrate (III) whic~ W&S left, was analysed 

spectrophotowetrically at 420 rr11:.1. Tl1.e individuo..l stoic::.1iO.:.Jetric 

equatioy"s are sb.oT!ln alo.ng with t.he reacti.:>r.D of eac.h of tl1G 

substrates vli t~1 ti.;.e oxidant. 

Product .lillc.lys.is 

{1) Products obtained fr~ __ tha_2~jdatjon of set2yla~ine 

arrd dioeti~~~cine 

Stoic~liou.etric aL.'louct.s of substrata z.rr.Cl. ozicle,nt 

3olutions~ taken in 0.1N N&03 ( ionic strenGth c.djusted to 

0.5 M b~ the additi~n of NaCl04 )~were gixed and heatGd for 

3h at 60°Co The reaction mixtt.rre TtJ2.s co0led 9 extrc~cted :<Jiti1 
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(i) Product fro.;:J t:1e o.xidatiJn Jf ;:;::.et~1.yle..:nir.e 

Spotting on TLC plates, usiLg oenzena as developer~ 

ge:ve 2. single sdot. T~'le product obtc:,in.ed -we.s f:Jr::J.e..::J.ide (bp 210QC ~ 

yield ;=v 75-80/a). T~1i8 product '.!Je..s c.'J.e.racterized by IH. ane..lysio 

(Ia-297s Per~in El~er), w~ic~ gave peaks at 340C, 2900~ 1700~ 

1600g 1400, 1320 and 1050 cm-1). Nl-1:1 analysis (El"~-390, 901-:::-Iz ~ 

Varian) in acet:me ~ ge..ve :t;Jea[w e..t 7 aO yt: E.n::Sl. 8 .o?::::. 

(ii) Pro~1uct fro.2 the oxide.tioE of dimet~'lylai.:aine 

Spotting on TLC ~latec, using ben~ene e..o the 

chare..ct3rized b7 13. e.n&lysi.J (13.-297, Perkin "8lser) 1 v-rhich 

g2..ve ped~s at 3300g 3030)> 2860, 1670, 15~0» 13901 1250, 1150 

6 -1 
c..nd 9 0 em • 

Stoic~·:do:..'l-et:ric a..J10ur_ts ;:>i the substrata (1 :Jol) e..nc~ 

o.:;,ic1a.nt (4 w.ol) solutions were. .:.1ixed 2.::-H:l. heated for )h at 6o0 c. 

concentrated c:.ncl dried over an~1yc1rous EgSO 4 , to give t~:.s 

product, for.:1yldii2letiJ.ylc..illine ( yield r~' 75~~ ) • This proc.uct 

·waH C~laracterizad by bp(154°C) and by ra 2.nalysis (L1-297 1 

Perkin ~L~1er) 1 'lll'lich gave pee.ks at 2940, 1670, 1490, 1430, 

1390, 1250 and 1090 cn-1 • 
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(3) Producto obtained lroGJ t:'?.e oxide.tion of ethyla:2ine 

Solutions of oubstre,t3 (5xi0- 2N) c:.nc1 oxidc..nt 

(5x10-3M) were mixgd and kept et 35°C for 24h» under nitrogen. 

Tte evolution of e.:nwonie-. was datecteet by the Nesslar 's rec:.gent 

test (4 a). 
' 5 ml of the reaction ~ii~Lrre, pDssesoi~g an 

acete..ldeL1ycle odour~ we.s lli::md 't'iTi t~1. 10 :::11 ~f 0. 4)~ dimec1ona 

solution buffered to ~}I 5 oO "t;Ji tl".< 0.2 r~ ecetate. Within Cc fail! 

~inutes, a precipitate of the diseG~~e derivnti?e of acatal-

del1y6..e we..s forGed. This derivetive '!Jc.s recryste.llized frvZJ 

et!.1c.nol ( yielcir.....75%; Bp. 141°C~ lit. vc..l2e» i40°C>ref.5). 

Ti;).ifJ derive.tive 'f!Jas converted t0 t~1e anb.ydride by boiling it 

( 0. 2g) for 3h in c-.• ::~b~ture of '7 nl et~1a:~ol and 10 ml of 

lN :E-ICl g and later diluting wit?-_:. 20 ol jf 1r1ater (:o:p 175°C ~ lit.. 

valae9 175-176°C). 

0 

Solutions 0f S":J..botrate (5 ~~ 10-& i"') anC. o:zic:ant 

(5xio-3 r1) were nixed e.nG. I{ept <:t 35°C for 24h m:cler nitrogen. 

dividsd into 3 parts: 

(i) 5 ...11 of t~1e ree-.ction mixture was mixed 'ft1it~1 iO ~..::1 of 

0.4% di:~ec1one soL;ttion buffered t0 p~1 5.0 with C.2 i-1 

e..cetats. 1 .. preoipi tate o::': the dLJ.ecloJfJ.e clerive.tive of 
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This derivative was converted to the ar~ydride by boiling it 

(0.2g) for 3h in a r:1ixture of 7 E1l ethanol and 10 nl of 

l.N HCl, and later dilutir.g ~1'ith 20 wl water (.op 175°C, lit. 

value, 175-176°C). 

(ii)the picrate derivative of ethyla~ine was prepared, and 

recrystallized fror..1 methe.nol as yellow prisus (:np 165°C) • 

(iii) 5 ml of the reaction oixture vias acidified with 2 =:tl of 

2N HCl, ~nd then evaporeted at redaced pressure to a White 

solid, SQelling f~intly of ~etald8hyde. The solid was 

distilled froo 50% NaOB (10 ~l) into ethar 1 and evaporeted 

at reduced pressure to a white solid r~sidue, 

hydrochloride ( mp 227°C). TheIR spectrun (IR-297, Perkin 

Elmer) of this sanple was identical with t2at of ethylaoine 

hydrochloride (6 a). 

(5) Products obtainad froD. the oxidation of triet~'lylar.:;1ine 

2 Solutions of substrate (5x10- U) end Oxid.e.nt 

(5xio-3M) were :::1ixad and i!.:ept at 35°C for 24l1, t.mder nitrogen. 

The reuction :.:.1ixture 1 poSSGSSing an acetaldehyde odour, WU3 

divided into 3 parts: 

(i) 2 LJ.l of the reaction ;.:.:ixture "VW.S oixed wi t~1 5 al of c ::::lc1 

water. Ti1is solution)> on to sting fo:r E'.cetaldehyde by the 

p-phenylpi1e:nol-sulfuric acid test (7), exhibited a strong 

positive reaction, not obtc:.in3d ~tit.h a triet~"lylamine bl2.nk. 
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(ii) 2 ol of tho reaction mixture w~s ~ixed with 5 ml of 

0.4% dioedone sol~tion bu_fer3d to pH 5.0 with 0.2X 

acet~te. A precipit~t~ of the dioedonB deriv~tiva of 

acetaldehyde we.s for223d~ which wc..s recrystallized 

from etaanol (yield ..- 75%; op 141 °C, lit. vnlue g 

140°C}. T~1is derivE.tive v!<?_s convortac1 to tl'le ~n.hyc1ride 

by boiling it (0.2g) for 32 in a. ~1ixture of 7 :.:.11 ct£1.anol 

and 10 ol of iN HCl, c:.nd lc.ter diluting with 20 ul 

water (~p 175°C, lit. v~lue, 175-176°C). 

(iii) 5 ol of the reaction oixturc WE-S acidified. 'iJit~1. 2 .._:_1 

of 2N ECl, c..nd then cvE.porated .:::.t rcC'!.·;wec1 pressure 

to n. wbi te solid.., oaelli:: g faintly of acstE.lde_1yde. 

T~o solid was distillad fruw 50% NcO~ (10 ~1) into 

1l!.ther, and evapore..ted f_t reduced pressure to n ""~ito 

aolid residue~ diet0ylecine ~ydrocdloride (~p 227°C). 

The IR o ._Jectruo (I.a-297, Perkin ~l:.J.er) of ti1i0 se.:::1pl8 

wes it2en.tical "t-1i til t~1at Jf 6iet_lyla!.i.line hydrochloride 

(6b). 

(6) Product obtained fro:::1 t~e oxiGation of e.niline 

Stoic;_1.io::J.etric c. _lou::.-::,c of substrate c.nd oxid~nt .I 

cl..iscolvec1 in aqueoas ..Jet.,'lar:ol (30~o, vjv), cor.:tc.ining NaO=-l 

(0.025H) end t~1.e ionic atrengt~1 ndju.ote<l to c.:Jr~ by th3 

additior.. of Nc:.Clo4 , were oixcd and kept e.t 35°C for 24h, unCle: 

nitrogen. '1't.1e solvent 'vJe.B rec1ovec, c.nc1 t~1e resid.ua extractetl 
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'\'Ii th hot benzene. The cooled banzene extract was fil tcrecl 9 

concantre.teC'• 9 &nd c:1roDc..tocsraphet on e.luaina • uoing benz one 

for elution. Tho product~ obteinad in about 80-85~ yield 

eo orenge red crystals, wao i2e~tifiod anG ccerncterized ~s 

azobenzene ( op 68°C; IR b~nds at 1590~ 1450, 1460, 1300, 

-1) 1220, 1160, 1080, 1020, 930 and 750 cc • 

(7) Product obt.c.ined frow t:1e oxidetion of N-...1et:1yleniline 

SolutLms of tile. substrete (1x:io-2u.:) end oxide.nt 

(1x1o-3Iv.l), te.ken in aq}:j.eous metl1~nol (607~, v/v) contc;.ining 

Ne:.0:-!(0.01 ~1) c...nd KCl(ionic strongth adjuotec1 to 0.11>1), ~10re 

.::tixed and I{.eiJt r.t 35°C for 24h 9 m_der ni trog:.:m. The solv~:mt 

'fi'Je.s reooved, tile residue 'IJJc.s 1-Jc.s_wd wita dilute HCl ~ and 

tnen concantrat8d. The crude product obtained wus distilled 

under pressure. The distille.te wes crystallized frvo e. 1:1 

wixttrre of toluene'" and petrolcuu etller at 0°C to c;ive t~1.e 

product, foroanilide (yield 1"/lOo/o~ np 50°C). The :product irJc.s 

identified by I3. E,aelysio ( 6c) ~ .:-r~d by mffi ane.lysiD in 

CC1
4

, which gc:.ve pe<:-..ks c:.t 6.8}; (c.ro.Jlc.tic !}rotons) 9 3.8 E 

(l'T-H proton ) and 9.5 ~ (for12yl prot:)n) v1iti1 rele..tive 

inter.sitie3 of 5:1:1~ respectively. 

(8} Products obtcined :fro..2 t:1e m~iC:c.tL.~!:l of N-etb.ylc:..niline -----
Solutiors Jf substretJ (ixi0- 2~) ~nc Oxidc.nt 

(1x10-:JM), te£en in aqueous o8t~J.an;:,l (60~~~ v /v), containing 

Na0:-!(0.01 M) e.nc1 KCl (ionic strangtb. aC.justec1 to 0.1 l'1), 
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were mixed e..nd kept ut 35°C for' 2411, under nitrogen. The 

SCJlvent we.a re1.:.1oved, the residue we.s washed with dilut.a 

~.:ICl, and t:'len concentrated. The crude product 'Vl£•8 c.1istillad 

under reduced pr3t>sure. The diotillate W£.8 c:cystallized fron 

a 1:1 ~ixture of toluene 
0 

c-mc:l.. ~Jatroleuo ether at 0 C to e;ive 

the product, foroanilic1e (yield ,.._.70%, tl1p 5G°C), iderltified by 

I:a. e.nc-,lysis (6c) and by 'Nl{~1 am:·.lysis in CC14 Which g?ive 

ptJtaiw c-.t 6.8 ~ (Lroontic pr:)to:ns), 3.8 ~ (N-H proton) and 

5-.5 ~ (fornyl proton) 'lith rel£..tive intGr.Sity Signels of 

5:1:1, respectively. 

Tlw aec:)nd product (yigld. .v10%) was ci1aracterizoc1 

as foroo.ldehyde, which existed in water largely c.s the hydre:.tG ~ 

CH2 (oH) 2 • IR analysis did not sl1o'trJ any CE•rbonyl band. On 

evaporation of the aqueous Svl~tion of fornaldehyde, a solid 

residtH~ was left oel1inc1 1 ~Thich, on recrystallization fron 

ether, gave crystalline ne·adles of 1,3,5-trioxane (:rrp 64°C). 

( 9) Product obtc-:ined fro.::J the oxidati.Jn of: N JN-di.::Jetl1ylaniline 

Solutions of tl1e substrate (1x10-2M) r~nG ox1.dant 

(1 x 10-3 M), taken in a~ueous met~anol (60%, v/v), cont~in­
ing NaOH (0.01 N) and KCl (ionic strenJ;th adjusted to 0.1 H)~ 

were ~ixed and kept at 35°C for 24h, under nitrogen. T~e 

solvent ·was ret:"J.oved, t~1e residue was •,Jasi).Gd ~1it~1 dilute HCL. , 

e,nd then concm'ltrated. Ti1G Te8idue wes distilled (yield -v75%), 

and identified as the N-acyl derivc.tive ~ N-methylforoanilide 
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(bp 243°C). The structure was confirmed by (a) IR analysis 

(IR-297, Peridn Elw.er) w~1ich gave bands at 2940, 1670p 1590, 

1490, 1450, 1350, 1270, 1110~ 1090, 1030, 980 and 760 -1 co ; 

(b) UV analysis (UV-26, Eecko~n) in oethanol, gave an absorption 

ban~:~ at 235 no; (c) l\Tl'JJR sne~lysis (EN:-390, 90 ~1Hz) taken in 

CC14 , gave peaiH3 at 6.8 ~ (aroL1e.tic protons), 2.8 b (oethyl 

protons ) and 9. 5 & (foruyl proton), '{r.ri th relative signal 

intensities of 5:3:1, respectively. 

(10) Products obtained frow. t~1a oxidation of 

N,N-dietilylaniline 

Solutions of the substrate (1x1o-2~) and oxidant 

(1 x 1o-3r6), tai~en in aqueous Deti1anol ~ 60%, v /v), contc:dninc 

l'·Je.OE(O.Oi H) and KCl{ionic strength e.djusted to 0.1 ~VI), 'Vlare 

oiJ~:ed. e.nc1 keDt at: .35°C for 24h, under nitrogen. Ti.1e solvent 

1r1c.s re.ooved. T:1e ree..ction oi:Jr:tu.re, possessing an c.cete..l-

deiJ.yde odour, was divided into four pc:rts: 

( i) 2ml of the ree.ction oixture vtas Dixed with 5 1211 o:t: 

cold water •. Thie solution~ on testing for aceteldebyde 

by the p-phenylphenol-sulfuric acid method (7), GY~!ibitac 

a strong positive reLctiJn not obteinad with a 

N-dietnylanilina bl&nk. 

(ii) 2 al of the reaction ::.J.i::l~tUJC"e IilE-S :1ixed "iJith 5 nl of 

o.4lf~dioedone solution buffered to pH 5.0 with 0.2 M 

ccatate. A precipitate o:f tha dioedone derivE,tive of 
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' acetaldehyde was forDed, 't'Jhich. VJe..s recrystcllized frow 

ethanol (op 141°C~ lit. value, 140°C). This derivctive wcs 

converted to the anhydride by boiling it (O.ig) for 3h in u 

nixture of 7 wl ethanol ~n~ 10 ~l of 1N HCl, and later 

diluting With 20 ~1 water (~p 175°C, lit. value, 175-176°C). 

(iii) Characterised as foroaldehyde, in its hydrated foro. 

G.H2 {OH) 2 • I .a a.ne.lysis did not s;:1.J'VJ any ce~rbonyl band. On 

evc:.poration of the e"gueous soluti.::Jn of foro.e.ldehyc1e, a soli:i 

resici1ue was left behind, wi.1.ich, on recryste..lli~tix_ fro:J 

et~1.er, gave crystalline n8edlos of 1,3,5-trioxano (np 64°C). 

(iv)distillation of product afforded ooaterial which on crysta-

llizr.tion fro::J. a 1 ~ 1 oixture of toluene e.:nd petroloun ether 

at 0°C gave forrnanilide (~:tp 50°C), identified by IR ane..lysis 

(6c)~ and by~~ analysis in cc14 which gave peaks at 6.8~ 

{e.ro:]£!.tic protons), :;.8~ (N-H proton) and 9.56 (formyl proton) 

with relative intensities of 5:1:1, respectively. 

Tha yialds were e,s follows: forruanilid.e(,......70%), 

acetaldehyde (rv10%), for~aldeDyde (~1~~). 

(11) Product obt2insd fro~ the oxideti~n Jf diphenyle~ine 

Solutions of substrate (1x10-2H) e.nd oxidant 

(1x1o-3M), taken.in aqueous ~et~nnol (70~ 1 v/v), containing 

NaOl-i (0.1 r.:::) and XCl (ionic strength aO.juDtGc. to 0.1I,C) 1 were 

oixed et 50°C e.:nd uaintained under a :nitro{ben utJ11':J8;_J~1ere for 

24 h. Tlle reE:.ction Dixture WUJ coolod~ filter sd. D.i'lc1 
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concentrated. The residue vias ·Jxtracted with chloroforop 

dried over anhydrous Ne2so4 , end then concentrated. TLC 

e:nulysis of the residue, using benzena as the developer, 

gave a single spot. The product 9 obtained in about 8~~ 

yield~ was characterized by ~P (147°C 9 decooposes) 9 IR 

analysis ( 6d), and by uv c::.nalyots ( 6d) in dioxan which gc-.ve 

€1: pee.k at 295 nm. The product SZjllple was confir:Jed to be 

tetraphenylhydrazine. 

(12) Products obtained from the oxidation of benzylamine 

Solutions of substrate (1.0 M) and oxidant 

(ixio-2 1>1) 9 taken in aqueous methanol (6ooft,, v /v) ~ containing 

NaOH (pH 12.o)p and KCl (ionic strength adjusted to 0.1 ~), 

-v1ere mixed and rrept at 6o0 c for 24 h, under nitroaen. 

(i) the evolution of ammonia was shown by partial distillatio4 

of the reaction mixture. T3e ammonia forned was absorb~d 

in an excess of standard acid (0.1N HCl). The excess of 

acid was then back-titrated (against base) in the presence 
f 

of methyl red indicator (4b). 

(ii) The reaction mixture ~"Jas treated with chloroform, the 

organic layer wcs waohed with water, dried over a~ydrouo 

!4gS04 , and tllen concentr<:tad. Spotting on TLC plates gave 

a single spot. IR an~lysis eL~ibited ~ carbonyl bcnQ 

at 1700 cm-1 and other bands .that were characteristic 

of benzaldehyde. 
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(iii) The reaction mixture was treated with an acidic solutio_-_ 

of sodium bisulfite, and cooled in ice. 25 ml of 

2~4-dinitrophenylhydrazine solution (0.05 M) was ndded~ 

and the mixture allowed to stand overnight ut 0°Ce The 

solid compound formed was filtered, dried and weighea 

as the 2~4-dinitrophenyl hydrazone derivative of 

benzaldehyde ( mp 237°C; yield ~soro). 

(13) Product obt~ined from the oxidation of thiomelic acid 

Solutions of substrate (1x10-2
M) and oxidant 

(1 X 10-3M) I te.ken in 0.11~ HCl (ionic strength adjusted to 

0.05 H by the addition of KCl) 9 were allO'!.<J'ed to react at 35°C 

for 24h, under nitrogen. At t~e end of the reaction, the 

solution "las extracted wit~1. ether~ ~lashed with weter, the 

ether e·;aporated~ n.nd the rasidue refluxed vlith toluene for 

1h. On concentration of the toluen~ s~lution e.nd cooling 

overnigatp crystals of the disulfide product 9 dithiodimalic 

~ acidg \'/ere precipitated 9 which were re-crystallized from 

ether ( mp 167°C; yield ,'"v75%). 

(14) Product obteined from the oxidation of tbioglycolic acic 

Solutions of substrate (0.1 M) and oxidant (1.5x.10-5~, 
taken in Oe1M HCl (ionic strength adjusted to 0.05 14 by the 

addition of KCl) were mixed, and allowed to react at 35°C 

for 24 h under nitrogen. Tile prBcipitate formed was filt8Y"ed 

dried, nnd recrystallized fr'Xl ethanol to give ti'le product 9 
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dithiodiglycolic acid (mp 108°C, yield ~75%). 

(15) Product obtained frOL.1 the oxidation of thiophenol 

To 2.2g (0.02 mole) of thiophenol, taken in 8QY~ 

methanol (v/v)? was added ~.:;g (0.01 m0la) of hexacyanoferrate(II:r:), 

taken in 8~fo Qethanol (v/v) anu 0.1M HCl (ionic strength 

adjusted to 0.005M by the addition of KCl). The re~ction mixtLrre 

was allowed to stand at 35°C for 24h, under nitrogen. To the 

reaction mixture was added 30 ml of 50% aqueous ethanol. The 

solution was waroed to 35°C, and the ethanol layer w~s 

separatGd. When the oily portion~ insoluble in aqueous ethe~oi, 

w~s allowed to stand at room temperature (20°C) for 3h, 1.5g 

of diphenyl disulfide seperated outo The product was 

recrystallized from aqueous ethanol (mp 61°C) &nd characteri~od 

by IR and UV analyses. IR analysis (IR-297, Perkin Elmer) g~vc 

-1 peaks at 3060, 1580i 1480, 1295, 1180, 895, 735 and 685 em . 

UV analysis (uv-26, Backnnn) in 9~/o ethanol (v/v) @lVe an 

absorption peak at 240 ~. 

(16) Product obtained frOFl tho oxidation of sulfite 

Solutions of substrate (1x1o-2 M) and oxidant 

(1x1o-3M), taken in 0.1M NaOH (ionic strengtn adjusted to 

0.05 M by the addition of KCl)~ were wixcd, and allowed to 

react at 35°C for 24h, under nitrogen. At the end of the 

reaction, the solution containing the product was treated 

With dilute sulfuric acid. The dithionic acid was liberated. 
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The solution was concentrated oy evaporation~ when so2 was 

evolved. This confirood the forQation of dithionate ions, 

froo the oxidation of sulfite by hexacyanoferratG (III). 

(17) Product obtained fran the oxidatt,on of thiosulfate 

Solutions of substrate (o.5M),and Oxidant 

(1x1o-3r:1), taken in Oeit1 NaOH (ionic· strength adjustod to 

o~o5 £.1 by the addition of KCl) ~ were ruixed, and e.llowed 

0 to react at 35 C for 24h, under.nitrogen. At the end of the 

reactiong the solution containing the product was neutralized 

with dilute sulfuric acid~ anc1 then treated -vJ'ith a solution 

of Hg(I} nitrate. A yellow precipitate was formed, wh~ch tu~ned 

ble"ck on heating, confiroing the presence of tetrathionate 

ions. 

(18) Products obteined from the Oxidation of Thiocyanate 

Solutions o~ substrate (2.0 M) end oxidant 

(1 x 10-3M), taken in NaOH(~.5M), and KCl (ionic strength 

adjusted to Oo05 M), were mixed and kept et 5o0 c for 24h, 

under nitrogen. The reaction nixture was divided into t'vro 

parts: 

(i) To 5 ol of the reaction mixture was added 25 wl of 0.1 H 

AgL'J0
3 

solution, and the oixture stirred. A vJhite p.recipitat-a 

of silver cyanide was forged~ which was filtered an~ driod. 

The White solic1, AgCN ~ was characteriz:ed by IR. a:nalysis w·hich 
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showed the c:N stretching be.:12d at 2155 co.-1 • This was 

co:.:1pare6. with tha C ::=N sty-etching of an autb.entic saople 

-1 ( of AgCN' l'lhich gave the bc•"-:;d at 2151 ct:J. 8). 

(ii) to 5 rnl of the reaction niJrture was e.dded 5 nl of 

0.1 N HCl ~nc1 20 ml of 0.2 14 BaC12 solution .. .A ~.Jhite 

precipitate of Baso4 was formed, Which was filtered, washed 

with we.ter and dried. The weight of tha precipitate of Ba so~ 

was approxioatoly that expected froD the initic::..l concentratior' 

of the oxidant. 

(19) Product obtained from the Oxide.ti·.)n of raetabioulfite 

Solutions of substrate ( 1 x 10-2M) Gnd oxidant 

(1x10-3M), taken in o.1M NaOH (ionic strength adjusted to 

o.o5M by the addition of KCl)$ were ~ixed and kept at 35°C 

for 24h, m1der nitrogen. Tl..1e reaction oixture ·ll'las treated 

with dilute sulfuric acid. The solution wes concentrated by 

evaporation$ when so2 was evolved. ~his confirned the 

formatiJn of dit~ionate ions, frQm the oxidati0n of 

netabisulfite by hexacyanoferrate (III). 

Tests for Radical foroation: 

1~ost of the oxidation reactions investigated were 

obaerved to proceed via radical internediates foroed in tho 

rate deteroining step of these reactions. The presence of 

these radicul internediates was confirmed by the following : 
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(n) Reduction o~ inorganic ions, a· + M(n+i)+ 

------>~ &""' + Mn+ ., Mercuric chloride was easily 

reduced by these radicals to insoluble mercurous chloride, 

t.rhich was relatively inert tmorc.rd.s reoxic1ati<Dn by the 

oxidant l4n+ • 

{b) Pol~erisation of an added olefinic mono8er~ such as 

acrylonitrile or acrylamide. 

Acryla~ide and the substrnte were placed in tho 

lower part of a Thunberg tube (9)~ with the oxidant 

solution placed in the upper port ian of the tube. The syster.1 

tle.s ev~cuated, filled ~vith dry :nitrogenp and tb.en. sealed. 

The tt"lo solutions were oixed and allowed to stand at the 

re~ction teoperature. After 30 ninutes 9 there was the 

foroation of a white opalescence, indicating tho foroation 

of a :polyoer o 

ESR measweo.ents 

Tile presence of radical intermediates forsecl in 

the rate determining steps of these r«actions ~Tas detectec1 

and confirned by esr neas~..rreoc::.1ts. 

Using ti:le requisite re&ction conditions, tb.e 

radicals were generated (flo"''~ aystm~\ by r.1ixing the substrate 
' / 

and oxidant~ by volune, in an esr sample tube just outside 

the cavity of the spectrooeter. The nixture vn::.s placeC'c unC:Gr 

high vncuun, in order to expel diosolved oxygen 9 anc1 the s2.o.ple 
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tube Tr!&G pl.:,ced in the cavity ,)f t~'1e spectr.x::wtsr ~ r.ii1e 

conditi:.;:r.;.e lo:r obtainir:.z tL:.e s~ectrtu. ~:.t ro.Ju. te::-..1peratur·a 

trvere e..s follows: 

Seen range 4000 G» fiel~ set 330C G, ~odulatiun aJplitude 

6 .. 3 G, r.1icro111.::we freQuency S .. 45 G-L-Iz 1 ti.:~e c.::;nstant 0.3 Sec 1 

SCQn tioe 4 uin. 
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CI-aPTNR 1 

ICD,TETIC!S OF OXIDATION OF SOHE 

ALIP FTATID AHINT!S 

The mechanism by ,.,hich a ·one-electron oxidizing 

agent reacts with amines in general, has been a subject of 

continuing interest. The re~ctions of aliphatic amines with 

a variety of oxidizing agents, have been of canside~ble 

significance, both wi tb regard to the kinetic aspects and to 

the synthetic utility of such oxidation reactions. 

EARLIER WCB.K 

The oxidation of amines can be considered to 

occur either by a one-electron process, or by a tto~o-electron 

process. In particular, emine axi~e or hydroxylamine formation 

h~s been taken as evidence of two-electron t~nefer pathways 

1n ~mine oxidations by hydrogen- 'Peroxide ( 1 ,2), -peroxyacids 

.(1,3,4), and ozone (1,5). Amine oxides and alkyl cleavage 

products ~ere -predominant for the ozcmizfltion of ali-phe.tic 

amines (6-11). An amine oxide apPears to be a crucial link~ 

in the biogenetic interrelationships of many alkaloids (12-17)• 

The point of oxidation of the vast majority of alkaloids ia 
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not an uncommon phenom.0non, t;."l8 Polonovsi.:i reo.:;:rc.ng:JJ:l,ent (18) 

----·7 

0 

-'~(-

0 

cH 3 
I 

H ...__ 0 _..-·C .::::::: 0 

.(, + c..-N-
1 l)\f 

'I ) . H u- c- c 3 \ 

~ -- o- c- CH 3 l 
' u J 0 / 

0 
II 

+ ··- ~J - c - cl-!3 
f 

The products obtc.i~ooli ['.r'O t.: :J :{etvr:'J or e.loe:".,/Ci.e ~ c.nd. a 

seconde~y amine. 

'l'he ner;:;uric c::.cotat3 oxide.ti-:m of r. vc.riety of 

t~2a concurrent t'lw-elect.=on .rod:.:wtion o:f :.neret .. 'i.':fic ion ·::,o 

met<:;llic mercury (19-29). Eloctron pair t.rc..:r~sf8~c was :J.Cl.vc:.nced 

as the likely explanation for tJe oxidati~~~ uf tertiary 

amines by cyanogen bromidG ( 3C) ~ aqueo:.1s bromine (31), and 



54 

of vanadium or ~olybdenum catalyst(j),j4). 

The one-electron mcidc:d:.ion reactions of aminee 

were a.tt:tibuted to hydrogen e.tos:1 tranS-fer ·v-rD.ici1 directly 

geva a neutrAl radical intermedicte c~pable of underg~ing 

further oxidation (35•je) oro! coupling {39,40). 

dioxide in noderate yields to t~e corrGspondinz c&rbonyl 

/compounds ( 41) ,. e.nd spectra 1 evidence fo:r an imine :;;recursor 

wao reported ( 42) • A series of tri-N-alkyl-ani:~~es, R
5

N, ·1r1b.ere 

R = n-C3H7 through ~C~15 gave the respective formamidas, 

R2N-CH:O, in yields improving with an increase i::1 the chain 

lene;th (36). Ve-.riation of conditions fo:r (n-Ch:B:0 )~" H si: .. owed 
,; .;/ J 

The oxidation ot aliphatic e.mirie8 by !::In (III) v!U3 ee.rliar 

reported (43) • 

.Aliphatic e:.rJines hcxs be8n oxic."i.izec1 by perme..nge.na.te 

to a. nixture of products. The reLctim~s 'i:!Gt.G sow-atil:1BS 

incomplete and gaV,e. a nultiplicity of p:cod~.cts. For exc.>.mple, 

diethylamine was oxidized. to e. nixture o:f c.cet.ic acicl~ 

e.r;x:::.onia, athanol and acatohydroxamic e.cid( L1;~) • A due.lity o:f 
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~~i til perm.a.ngan~~t8 (45 ,46). TrieXkyl-ce.rbinyl amnes were 

o2ddiz·ad by peroanganate ir.. aq<.1eous or acetor~e solution to 

tertiary nitroalkanes in gJod yields (47). The oxidation of 

t-butylamine to t~e nitro co2pound was fuUch s~owe~ th~n tue 

oxidation of trimet~ylamir.:.c, Wherein the initial attack 

occurr·ad at the C-H bo.rrd £,dje,C·3Li.t to ti1e ni t.rogen atom(37). 

Tb.e oxide,tion of din3thylar:1ine by perr.J.ange.ne.t·a has been 

reported ( !!8} • 

J;..lipla.atic a:1im~o lJ1ere oxidized by rut~1.eniu111 

tetr:Jxide 9 but the products were twt isolated ( 49). r.C'~~:::; 

for;.:a.ation of intracte>.~:>le p:roc"',ucts pr.:)bably resulted from 

·t::'.e vigorous ree,ction "VIb.ic;:l ensued w.~'len e. goocl reductant 

(amine)· ~tris OJdclized by a strong o::~idant such .ss ruthe:niu::: 

tetro}r.ide. 

The oxidation of alip~1.e.tic tertia::~y a::ai:neo ir· 

benzene by e variety of quinonss were reectiona of special 

interzst because of the colours produced which were useful 

in cl1e.racterizing these acir~es (50, 51). The oxidc;.tion of 

ali_;:he.tic e.r:1ines irJi th c~:ll ~rani 1 L1e.s been. rep:.rt.ad (5C, 52) • 

Under very aild conditions~ tl18 co!Iversion :;f pri.mary awinas 

to ketones in higb. yields ·:rJLS c2.rrL}d out 111ith 3 ,) ... di-tert­

butyl-1,2-bBnzoquinone as t2e oxidant (53). 

Prinary aliphatic e.oinas have been oxidiz.ed to t)a 

ni troe.Ur:.c.nes by w-ci:'J.loroperbenzoic acid() ,4). The oxidation 
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of aliphatic e.mines by hydrogen iJieroxide ~ catalyzed by 

sodiuo tungstate has be3n reported (2,54 9 55). 

Benzoyl peroxide has been used for the oxide!.tion of 

aliphatic amin.es (50) • The oxidation of prir,ac;pry aliph.atic 

anines oy nickel peroxide had yielded the nitrile (56). 

ry~h·G o=eddation of aliphatic amines by t-butyl-hydroperoxide 

wc~s investigated under conditions I-rnmiTn to promote free 

radical oxidations (57). 

The oxidation of primary amines by N-bromosucciniLlide 

or N-chlorosuccinimide gave the eldehyde& or ketones (58,59). 

The :process involved the removal of two electrons for each 

nolecule of amine that was oxidizod. Ti1.e amine "VIas oxidized 

to the imine, which on acid hydrolysis gave the carbonyl 

derivative (58,59)· 

Argentic salts have been used to oxidize a~ines 

to aldehydes and ketones (60-62). Mesitoyl glyoxal has bGen 

used for the conversion of primary amines to ~etones (53). 

Aliphatic amines were found to be relatively 

inert to oxidation by lead tetraacetate in acetic acid solution 

at no derate te!:l.peratv..res. Ho~1fever 9 reflmdng in benzene solution 

gave nitriles from priGary egines (63 9 64) 9 probably by a 

two-step dehy~xogenation process involving an unstable 

aldir1in8 as the interr>1ediate 9 

Pb (OAC) 4 ) (RCH = l\JR) RCN • 
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,'·r-f'le. oxi-dation- of . ..aliphati~ .. amines by. eerie ammonium 

nitrate in nitric acid medium has been reported (65, 66). 

T~1.e oxidu.tio:n of e.liphatic amines by cobalt (III) 

in perchloric acid solution was reported to be essentially 

inert ( 67) • Vanac1ium.(V) in e.gueous perchl.orim acid has been 

US8d for the oxidation of aliphatic amines (68,69). 

The oxidativecdealkylation of alkyl-cobalagine~ 

by iron(III), assisted by chloride ions 9 was reported (70)~ 

wherein the rate-liwi ting step was a one-electron trLHlSfer 

from the alkylcobala8ine, generating a transient interoediate 

which underwent furtherEaaction to give the product. Chloride 

::.ons in solution were found to g:;::eatly enl1ancetnu· dealk.ylation 

rates in the reactions of e.lkylcobalamines by the Pt(II)/Pt(IV) 

couples (71,72), Auci4 (73) and IrCl~- (74). 

The reaction of aliphatic amines with methylene 

iodide hao been reported earlier(75). Palladium chloride and 

auric chloride in water were found to be effective for the 

oxidation of pri.L:tary amin,eB to carbonyl com:pounds(76). 

l'1ete;l-catalyzec1 o2 oxidations of aliphatic amines 

have been r:;ported. The uethyl group in N-methyl tertiary 

aoi:nes vtas selectively oxidized to N-forr.ayl at ambient 

te2?eratures in benzene over platinuo black (77). 

Aliphatic aoines have been oxidized by peroxydisulfe.te 

(78)9 5-chloro-2-pentanone (79), palladi'!.lm (II) Cocplexes (80))) 

thalliw~ (III) in acetic acid mediuo (81), pentacyanonitrosyl 
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ferrete (II) cooplex (82)p carbon dioxide (83,84)9 crown 

ethers (85)p hexecyanoferrate (III) catalyzed by bQth 

osoiuo (VIII) ion (86) and by rut~eniun (III) ion (87)p 2nd 

by l'·:leisanheioer co£:tplexao (88 ... 92). 



PRESENT WORK 

The :ore sent 1->1ork is c.. detai l3d kinetic invsotigation 

of t~1.e oxid~tior.. 0f so .. 1e e.liphc:.tic e.oineo by potassiv..c 

hmr:e.cyr.nofmrrc-.te (III), in aU:tcline ::J.Gdiuo, at cor,.stant 

e..:.::ines c:wsen for pur;,;;oscs :;f oxidation 1r1ere o.et~1yl.;.oine ~ 

diwethylaoine~ trioethylaninep ethylaoine, diethylawine and 

triethylaoine. 

Stoichiooetrz (Vide '~x~eri~ental'). 

T~e stoichio2etry of eaca of the reactiJnS wcs 

detet~ined to oe 

(a) Eet~1ylaoi.ne 

(b) Dioethyle.oine 

(c) Trioethyle.oine 

c3:a
9

N + 4Fe ( Ci.J) ~- + H2o ---?C
3
ri

7
no + 4Fe ( CH) ~- + 4H+ 

(d) Et~1yla:1ine 

C2EI7N + 2Fe(CN)~- + :a
2
o_,-Cii

4
0 + NH3 + 2Fe(CN)~- + 2:1+ 
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(e) Dietb.ylanine 

c4H11N + 2Fe(CN)~-+ H20~C2H7N+C~I4o + 2Fe(CN)~-+ 2H+ 

(f) Triethylacine 

Effect mf substrata und oxiGant 

The rates of the reactions were found to be dependent 

on the first powers :,f ti.1c concentre.tions of both~ substrc.te 

ancl oxidant ( Tablas 1-3). 

TE:ble 1 : Effect of oubotrate and oxiC.c-.nt 

ISubotre.tel I K3F?(CN)6 I 105 }C k obs ~ 
-1 ) 

(1o3x r1) 
s 

(104xM) Methylanine Dioethyl-
aoine 

5.0 5.0 3.8 2.) 
I 

10.0 5.0 7.8 4.7 
25.0 5.0 19.0 12.0 

50.0 5.0 38.5 23.8 

100.0 5.0 18.0 1.18.o 

10.0 1.0 7.8 4.6 
10.0 7.5 7-9 4o5 

10.0 10.0 7.5 4.8 

• h; ....... = 0. :,.~ h; ew.p. I NaO::I I == 0 1 -.JJ f 1 r= " t 
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0 
Table 2: Effect of substrate -and oxidant at 35.0 C. 

/Trioethylaoine/ 
( 102 

)t r1) 

5.0 
·1o.o 
25.0 
50.0 

100.0 

5.0 
).0 

5.0 

I n:3Fe(CN) 6 I 
(:i,03 X ~i) 

5.0 
5.0 
5.0 
5.0 
5.0 
2 .. 5 
1.0 

0.5 

2.8 

6.0 
14.3 
29.0 

58.0 
2.8 

Table 3: Effect of substrute and oxidant at 35°C. 

'6 (s-1) 
I Substrate/ I x3Fe(CN) 6/ Ethyl-

10 x kobs 

(102 M) (103 M) 
2.nine Diethyl- Triethyl-

X X aoi](::e aoine 

5 .. 0 5.0 2 .. 0 7.0 34.0 

10.0 5.0 4.0 14.5 68.0 

25.0 5.0 10.2 35.0 110.0 

50.0 5.0 20.5 72 .. 0 350.0 

100.0 5.0 40.0 145.0 700.0 

5.0 2.5 2.1 7.2 34.0 

5.0 2.0 2.4 7.0 3L.J:.4 

5.0 1.0 2.0 7.5 SL.J:.5 

5.0 Oo5 2.2 7.0 34.0 
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Ploto :Jf k ba ~ the pseudo-first order rc..te constant, agc:.ir..ot 
0 L.J 

a 20-fold renge of concentration of substratess gave strc..ight 

lines passing through the origin.Jindice:.ti:rng that tl.1·3 rate of 

oxidation was dependent on the first po'I'Je;r of tbe concentrations 

of J.. 
\Cl18 substrates. This was ftrrther seen by t~e constant values 

of k 2 , the second order rate conotant. 

~/hen a constant concentration of subst1rute 

(larga excess) ~as useds k b did not show any appreciable 
0 s 

variation rJit~1 c~'lc:mging con.centretions of o:;dde.nt (10-folC. 

range), indicE..ting a first order dependence of the reaction 

on the concentration of the oxidant (Tables 1-3). 

3ffect of alkali 

The rate of the reacti::m 'VJe.s indepencient of t~1.e 

concentration. of alkali in the range studied, for oothylaoine 

and di;:;Jet;:J.ylanin-e (Tnble 4). Th8 oxide.tion ::Jf oethylm"Jine 

and dioethylaoin.e was also lJOSsible l'Jith aqueous hexacyano-

ferrE~te (III) ~ but the reactions vJere very slovJ, as se3n fran 

the relativG values of the rate constants (Table 4). This 

s~1owec1 that en alke;line :pH 'I'J'aS necessc::.ry for the facile 

oxidation of theoe <:loines. Thou@:! there was no de pen dsnce on 

I alkali I over the pH range studied~ the reaction was not 

indepandent of pHs in the wider sense. 
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Tuble 4 : gffect of NaOti 

105 X K , a (s-1 ) 
OOo 

I'Cethylaoine DL:lethylaoine 

0 .. 025 

0.075 

0.10 

0.25 

0.50 

1.00 

0.00 (neutral 
oedit1D) 

7.8 

7.6 

7.8 

7.6 

7.8 

7.5 

0.11 

I Substrates I = 1 x 10-2M; I K3Fe(CN) 6 I 

IlL 0 '"' ~· t = 35°C. f - - = • ? Pl ; eop • 

4.6 

4.9 

4.7 

4.5 

4.9 

4.5 

o.o6 

-4 = 5 X 10 M; 

All tb.e other B.oines used (tri~et:1ylao.ine~ ethylamine, 

cliet~1Yl&:1ino end triBthylamine) vJere oxidizoc1 by aQJ.ueous 

hexe..cyanoferrate (III) in neutral ..:1ediuo~ that is$ Hi thout 

using e.:c.y c-.l~rali ( Te.bles 2-3). 

Rate la"V'J 

Under the present experL::1ental conditions~ t~1e rate 

law could oe eA~reosed ao: 

Rate = 
diFe(CN)~- I 

dt = kobsl ~ine I I Fe(CN)~- I 

.•••...• (1) 
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The pseudo-first order rate conot~nt$ k b , was c~lcul~ted 
0 s 

froo the equation (92): 

k -- obs -
2.303 

t log 

( vide I Experinente.l r: Celculations) •;,._ 

Effect of teoper~ture 

(2) 

T~e rete of t~e reaction was infl~3nc~d b~ changes 

in temperature (Tables 5-7)g e.nd an increase in teoperature 

resulted in an enbance~ent of t~e rate of the reaction. 

Table 5: Effect of temperattrre 

1: 8::1p. 105 
x Irobs (s-1) 

( 0 :!:. 0.1 C) wethylawine I}i£:1ethylar:J.ine 

35.0 7.8 lx.7 

40.0 12.7 6.9 

45.0 17.4 9.6 

50o0 27.5 12.5 

I Substrates I = 1 x 10-2 
M; I :K

3
Fe ( CN) 6 I = 5 J~ 10-4 H; 

I N ao::: I = o .1 14; F = o • 5 l{i 



Tewp .. 

( ±. o.1°c) 

35.0 
40.0 

45.0 
50.0 
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Table 6: Effect :Jf ter.:.Tperaturs 

2.8 

Table 7: Effect of teoperatLrrec 

Te::.~1p. 

(,:t. o.1°C) 

35.0 
40.0 
45.0 

50.0 

55.0 

Ethyl-
aoine 

2.0 

2.8 

4.0 

5.0 
7.1 

6 (s-1) 10 X k ba 0 ~ 

Diet~:.yl- 'i'ri3t~1y1-
e. nine c:L .. ine 

7.0 34.0 

9.0 41.0 

13.0 50.0 

16.0 61.0 

20.0 75.0 
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1 

l 
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\ 
Substratos ~ 

\ 
' 
' 
~ 

\ 

G-G-G 

\ 
' \ 

\ ~' \ 

~\ \ 
~\ \ 

'\ ~l.} 

~\ \ 
\ \ 

\ 

L\~ 
\ 

METHYLAMINE 

DI METHYLAMINE 

T RIMET HYL AI'1IN E 

\ 
\ 

I .:-! 
0.4--=-~-~----~--~~-----~------~ 

3.0 3.4 

Fig. 1 • Plots of log kobs against tho 

rociprocal of tomporaturo 

Substratos ~ 0-G-G 

~--~~ 

13--l:"J--CJ 

METHYLAMINE ------
DIM ET H Y L AM IN E 

T R H~ ET HY L AM I N E 



I 
I 

1.7 

t 1.3 

6 + log k b 
0 s 

(s-1) 

0.9 

0.6 L ___ -
3.0 

Fig. 2 • 
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Substratos : 

0~0--0 ETH¥LAMINE 

DIET HY L AMINE 

TRIETHYLAMINE 

-------·-~-----
3.4 

) 

Plots of log kobs against tho 

rociproco.l of tompGraturc:: 

Sub str o.tos ~ 0-0-0 ET HYLAMI NE 
A--i3--6. DIETHYLAMINE 

1 1---f.::i---(] T R I ET H V LI~M I N E 
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Plots of log kobs agc:..inst the reciprocal of teo.pera·i;ure 

were linee,r ( Figs. 1-2) ~ sugge::;ting t~1.e valiG.ity oi tb.'a 

J;;.rrhenius agt1ati::n~:1. The slopes of the plotn vJere 1HleCi to 

calc(..!.late the activc:.ti-Jn energiGs e>f the reections. The 

other activation parac1etero were celculatea ( vide 

'Experimental 'l : Celculati·JnD) 9 ~:mel ~1ave been si2-own in 

Table 8: Activation ParaQeterz 

Substrc:.te E' 

( -1) I-{J ool 

I>:ethyle.D.ine 72+3 

Trioethylaoin~ 57+2 

1x108 

9xio4 

1z105 

4:z:io3 

2 3x10 
2 

1x.10 

aH::f= 
( kJ nol-i) 

69+3 

52~2 

54+2 

52.t2 

42+2 

35+2 

dS "f:= 
( -i -1) J1~ ool 

-97:!:_4 

-157+5 

-154+4 

-110~5 

-130.±,? 

-16C.:t5 

d=:. ± 
Tl1e value a of 6~-1; and. .6,S r "V"l·are fe.votur;: ble for 

electron c.bntrc.ction proceosez. Tb3 favot:ucr.ble ent).E.lpy for 

electron c:~botre.ction ae.y be in :;e.rt c1ue to tbs release of 

e1n.er f!Y 'Jn oolvctio:n of charges crec:.t~:ld. ir;. the tred:!.Si tion otc:,te. 

Vc.lu8G of {jS :j=. in t~1is r<:~n(?;G for radice.l rec:,er'ciono have beon 

ascribGcl ( 93 ) to t~1e forbidden :cature ,Jf eloctron-pairir:::.g 
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and electron-unpairing processes~ and to thG loss of d3graes 

o:l freedoo. 9 foro.erly avc.ilable to the reactantc 9 on the 

formation of a rigid trensition state. 

-1 The activation energy for nethylanine was 72 kJ aol ~ 

'lrlhile the activation energies for diaethylamine e..nd tri-

nethyle.oine '!'ler e e.lmoet eg ual. The lower values of the 

activation energies for Clicetb.ylamine and triwethylamine 

wo~ld be due to the presence of two or oore Bethyl groups. 

Tho electron-donating character of the methyl groups ~1ould 

tend to weaken the C-H bond cor.i.siderubly. This \tJould enable 

t.:::le cleavage of the C-l-:I boind irs the slow step 9 r 3Dultirc. g in 

the fornntion of a radice.l intoroediate. In the case of 

r::1eti0..ylaoine g due to the presence of one r::1etl.1yl group~ clec:.vngo 

of t~e C-H bond would roguire a higher energy of activation. 

The lo.rger negative values :.)f ti,, S -;j=. for r1i..:2ethyl ..... ancl tri-

nethylaoine, 1?.9 coopered to thr-.t for raet:'lyla::::.ine)) would 

suggest n oore fc:.cile foroation of the trr,n.oi tion otate in 

the ce.oe of di:::.1eti1ylaoiJJ:1e and trioethyla::-..1i:no ~ tbnn for ~ 

wethyla!Jir~e. 

The addition of K4Fe(CN) 6 in the concentration 

re.nge)) 1.0 x 10-4 M to 1.0 :::~ 10-3 1'1)) did r2ot he.ve e.ny effect 

on the rates of the so reactions~ in the ce-,se of o.ll the 

aLlines. 
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Effect of ionic strength 

In the case of the oxidation of nethylal7line anc 

dinethylar:1ine by alkaline he:Kacyanoferrate (III) 9 the effoct 

of ionic strength was studied. Variations in the ionic 

strength of the mecliUD. using NaCl04 (fA-= o.Qir-1 to o.?o M) 

did Eot dave any effect on the rates of these reections. 

Effect o1 ad~ad salts 

The addition. of oelts such as NaCl~ KCl~ NaN03 ~ 

I -4 
K:No3 ~ Na2so4 , IvlgSo

4 
\Concentration range of 1.0 x 10 M 

to 5 .o x 10-3~1) ~ did not l'lc:.ve any effect on the rates cf t~1.o 

oxidation reections of thosd aoinGSo 

Radice.l interooC:.iates 

T!ae esr spectra of tho corresponding redicr:.ls ~ 

gener~ted froo the oxidstion of each of the substrutes9 

were obteined ( vide 'Experi~ental': ESa measLrre~ents). 

(1) Fro~ the oxidation of oethylenine end di~et~ylaoino 

oxicic:.tion of :.1et~1ylaoine und di::1et.i.lyla:.1ino ~ ge..ve 3 spectral 

lines 1r1ith peak hGiBhts oi 1:2:1. This tiTes the peal-{ heig~1t 

distribution for en unpaired electron in the onvironoent of 

two equivalent aydrogen atons. The following conclasi0no cen 

be ckawn froo these spectra: 

(a) t~1.e otE'..ble radical is fo.cueC: by t:'le loss of e. t~ydroge:n 

atoo adjacent to t~o aoi~e nitrogen atou; 
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(b) the interaction of the lli,paired electron extends to thG 

b.yCirogen c:.too on thG saoa carbon atoo; 

(c) th.e hydrogen attached to the nitrogGn atom does not 

interact with the unpaired electron to give hyperfine 

oplitting. 

(2) Froo the oxidation of trinethyl~ine 

The esr spectrum of the radical generated fyo~ the 

oxidation of trir.1etl1ylaoine gp.va 9 spectrc-,1 linss. Th·a 

unpaired electron was subject to a strong interaction with 

the nitrog€u.11 atoo ( I = 1 9 1ir· = 10 gauss) ,and 'ifleai1:er 

interactions vrith. two ongnetically equivalent protons 

(I: 1/2, ~, = 1.5 gauss). Tho spectruo observed consisted 

~f 3 nain lines of equal intensity~ 10 gau~s·apnrt~ each of 

which was further split into a 1:2:1 triplet9 the lineo of 

'!rlhich r,rere separated by 1 o 5 gauss. 

(3) Froo the oxidati.::J.n of ethylanine 

The esr spectrUI::l of ti1e rc.c1ical generated fron the 

oxication of othylaoine gave an 8-line spectrun, corresp:....n.c1ing 
·+ 

to the par~Q~gnetic species$ c2 HsN H2• The isotropic coupling 

constants were 18.8G for the nitrogen$ 21o5G (aBino protons)~ 

33.5 G(nethyl protons) and 24.5 (nethylene protons). 
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(4) Froo the oxidati~n of diet3ylanine 

The esr spectrun Jf the radical genarmted fro2 

t~10 oxidation of diet_'lyle.Dine gc::ve e. 12-line s~~act.cu-1~ 
.+ 

corresponding to the pnraoagnetic spoccieo 9 (C2H5)2 rlli. 

The isotropic coupling constants Were 18.6G for t~e nitrogen, 

22.2 G(N-H proton)~ 3?.1G (uethyl protons) and 27.5 G 

(oethylonc protons)~ 

(5) Fro2 tae oxidation of triethylawine 

The esr sp8 ctrun of the radical gener~tcd froo tho 

mdde..tion of trieth.ylal:l1ine showoc1 tho.t tb.e pe..r~oagnetic species 
•+ 

present we.s (CZH;)
3 

N • The isotropic coupling cocstants wer8 

18.0 G (nitr')gen)~ 22.3G (:.:1cthyl p:rotuns) anc1 26.5 (netb.ylene 

protons). The GpectrLrrl was resolved into 3 groups of lines, 

vJit.h eac''l group having equal intensity. This triplet we..G 

explained by the intere.ction of th8 anpe.it'ed electron in tl-:e 

radical 1il'it~1. a nucleus of Gpin 1, p:reS"L!.OG.bly nitrogen. A ·cotal 

of 16 lines was observed "t!i thin ee..cl1 group, of 1tJ~1ic:1 the 

ce:.1tre ti.<TO lines ,,rerc of e~ual intensity~ irl.cticating an 

interact1o~ wit~ an odd nuobcr of protons. A species~ 
•+ 

( c2H;) 
3 

III~ ~7ith 15 protons 9 was thus inferred. 

Ue che.ni so 

Tho susceptioilit:r of e..1. e.oine to oxidatl.Jn cc:.n 

be attributed to the twailabi lit/ oi the -:ms:1arec1 pair o_f 
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electrons on the nitrogen e.ton. Generally, the first step 

in the oxidation of an aoine involves the transfer 8f one 

or both of the electrons to the oxidant» followed by an 

elioinat~on of a proton to give a carbon radical or a 

carboniur:l ion .. In some cases~' t~:.e rGooval of the o(~hydrogen 

is t).e initial step o .Assuwin g thc.t the oxidE'.tion is a ono-otep 

process, the two key steps can be depicted in the following 

oanner (38): 
H 

-t 
I 

•• 
1\1-
! 

-e 
) 

H 
I c 

• 
-C 

I 

• + 
N 
f 

•• 
N­
l 

+ 
H~ <:::::; .. 

c 
l 

.+ 
N 
I 

Tha conversion of N-n-butylisoindoline (I) :to N-p:-butyl­

piJ.the.liwidine (II) E>:nc1 l·J-n-blltylphthelio.i:::lo (III) by oxygen 

in oethyl isopropyl ketone at 38°C illustrated tl10 above-

oentioned tvJo step8 by -which the o.xidat:ton of an aoiT1e could 

bo initiated (38). 

0 

--Bu -Bu 

+ 

(I) (I I) (I I I) 

..... 
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In principle 9 the oxidation of an e.oine to an 

ao.ide parallels ti1e OJddatio:n of n pri!.-lary alco~1.ol jm r~ 

carboxylic acid. 

However 9 in p~actice, a variety 0f products ~ay 

be obtained, depending on the structure of the auin.e. When 

tk1a amine is a prinary e.uine and .hc:~s a :pair of o(-hyclrogen 

e.tOIZ!O, it iS generally oxiclizea to a cc:rbo.xylic acic1 with the 

elioination of aooonia. The reaction can be envisaged ~o 

proceeding ti1rough a carbinolaoine that undergoes C-N bond 

cleavage_) .ouch oore rapidly than e:xideti jn, to give e.n e.oicle. 

The ~ldehyde that is forned froo. the scission of the C-N bond 

iO oxidized further to the acid. 

m-I_ 
r 01 I r-0 ; 

:a.C.PL
2

NI-I
2 

- 1 ~ ) RCH-NI-I
2 

---)RCHO -·'- - ~ RCOOH 

+ 

I:'JH 
3 

There are three wain typeo of convGrsibB1 in 

the oxidati-::>n of an ~T.J.in·a. They arc: 

O:H 0 

-~-CI-'13 _[.o~~ -k-b-r2 
,... ., 

I il 
(a) LOj)> -l'J-Gr-I 

,.. I -OH .D 0 

-*-C"..tl2R 
I 0 · I t I If H - J 

(b) --7 - N-Cffi.1. -) - N - CH + HC-R 
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0 I ., 
-N -· G:'-i + 

0 
u 

=-:ICR 

In e.ll threo typeD en: c-.Jr-versions s it io ausuoed thnt t~'le 

first step involv.as t~1o oxidatL_)Ji.'?. of tlle c:.:...1ine to e. 

ce..rbinolc-.Dine. In type (a)~ t21e carbinolez:tine is oxidized 

further t.:; ,3;ive an N-e..cyl derivc.tive. In ty)e (b), tb.e 

carbinole~ine, anG the resultect ene..oire ic oxic1iza& 

fLrrt~ler tu afforc1 e.n N-ecyl c1erivc..tive c-.r.d a ca.rbonyl 

cowpound. T~13 Oxicle.tio::I of t~10 Gi~c:.:::.1ine woot likely involves 

hydroxylati::,n _)f the d:mble bo~G. follo.,·Jed oy oxicle.tiva 

clee.vage of t~1e resultant ~e;lycol. S2_'e t~1reo ty:?a.::: 0f 

convarsio:.1.s (es b c.rJ>.G c) s involve th3 re:2.)VC?.l of four 

electrons 9 two electr.)ns end six electrons~ reopactivoly, 

..:.2ay attack t~1e e.c:.1ine at the nitrogen or at en '*~yclroe;en 

e.too. T~1e -'lOde of attc.ci£ <JJill c1opanc1 on the otru.ctt.rra of 
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(1) Oxidation of Qethylanine, dioethylaoine and triaethylaoine 

The rates of the oxidation reactions of all these 

anineD by hexacyanoferrate (III) were dependent on the first 

powars of the concentrati;)nS of tl1e substrate a:nd oxidant 

(Tables 1-2) • This indicated t:.2at tl1o reaction was directly 

betvJeen the substrate and oxidant .. 

The addition of hexacyanoferrate (II) fona did 

not have any effect on the rates of the reactions. This s~owed 

that the first step betweon t~w substre.te and hexacye.:noferrc..t1:1 

(III) (~rhi cl1 was the electron-abntraction. step) u was an 

irreversible step~ 

The addition of salts did not have any effect 

on the rate of the reaction, indicating that the reacticn 

wao between an ion and a neutral (dipolar) s~ecieso 

The mechanisn of the re~ction could be envisaged 

as proceeding via the rec:.ovc:.l of the o(-hydrogen in ·::.he 

initial step~ giving a raGical internediate' ~ the ~oinoal~yl 

radicalo It fuas been observed that the irruCiation of 

dirn.ethylanine and t.riwethylamine in neutral or alke.line 

sedia with high-energy electrons (9*) gave the aninoalkyl .. 
radicals (R2-N-G"l2) ~ sirJo.C8 the 2,bs""bre.ctio:n of the r-;i:.:::-hyc!.rogor.. 

r:rc.o fuvoured due to ti2e resonance stc.bilizing effect :Jf t~~e 
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adjacent nitrogen lone pair 

cooooooooo (1) 

Tt:..a ) -irradiation of prioary amines frozen <:.t 77K ge.vE:: 

• e.U1.ylaoino re..dice..ls ( a2etl-NH)) \1Thich iSOL.19rized to 
~ 

e.oinoalkyl re.dical.s ( R
2
-C-NH2) on ~rar::::1ing (95). Under 

thes~ canditi~nBp dioethylacine gave the radicel; 

• 
~~2~I~~3 , and triQethylaoine geve the aoinoalkyl racice..l; 

Ga2N(~q3 ) 2 exclusively (95). The results of ~-~~radiation 

of eoines adsorbed on silica gel e..t 77K were sioilar(96). 

In tho present invootigation~ the radical 

interr.1ediatos olJtained fr 0::1 the oxidati ~r.. of oet~1ylc..oins, 

di~ethylecino end trioothylamine~ respectively, ~Jars 

c~ar~cterized by ESR spectroscopy ( vide '~adicel 

Interoediates'). 

T~1e subsequent steps woro rc>.pid, r.n;:1 no inter::J.DG.iate 

proc!.uct (s) could be isolated froo the react. ion :1ixtur a. 

Effort::; to isole..te t~1c c::.r1Ji:nole..oinos (A~ B ctr..cl_ C~ reopectively); 

were nut successful. It cJuld 0e postule..ted t~at the 

canbi.nolr..Dines, when for;.:aed r.s inter~eciateo 9 would be 

r2.pid.ly o:;~iG.ized to tho N-acyl d.erivetivoo 9 rccpoctively. 

The reaction sequenceD for the oxidntion of t23Se 

c..oines by ~'lexacyanoforrate (III) ~1ava bean s:J 8·,rn in ScheoGG 1-::; _ 



SQ-1El'llE i 

Oxidation .Jf i:4:ethyle:.Bine 

+ 
C7Jr j;JJ:..T .. -...2 ·~~z 

_, 
GH-NH2 I 
OH 

fe.st 

SLOW) 

Ci':l NH l 2 2 

OH 

+ 
C~-NH 2 
I 
o:a 

SCI-lEI-ill 2 

Oxidation .Jf Dicothylenine 

Fe (CtJ)~­
fe.st ) 

78 

Fe(CN)~:.. 
fast ) 

Fe(CN)~­
~ t ~ JCas ., 

CEi3 - r;r -·a 
~-12 

) 

( B ) 

CE[ -N -H 
J t 

Fe(CN)~-
fast ) C::-I0£1 

M-

+ 



79 

0Jddation of Tril2ethylE~Dine 

Fe(CN)~- ~ 
---4) ( CIIJ) 2- NCHOH 
fast 

--~) ( CI'i:;) 2 N- C'".dO 

(-H+ ) 
(III) 

( c ) 

The reaction sogum1ccs ( Scheraes 1-3) s~10v1 

aecb~nistic pathw~ys involving the ramovel of four 

electrons frou the starting co~pound~ ~rn1iCh would be 

in agreement with the stoichiooetries of these reactions. 

The oxic1ation of not~lYlallline to forLJEl.IZl.ide (I) s of 

diocthylanine to formylmethylanine (I I), and the. oxidation 

of trimethylao.ine to foro.yldimethylar.line (III), 

constitute exa4lples of reactions l<~herein tll:e oxide.tion 

'Jccurs at t:1e N-alkyl oide che..ins ~ lee.ding to N-alc1ehych;P. 
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T:1e product obtained fro'J the mddation of eac~1. of 

tl1e aoineEJ 11 ~'laG isolated and che.re.cterizocl by spectral net~wds 

(vide 'Zxperioental' :Product JU1alysis). 

(2) Oxic1ati:m of ethylaoine ~ diet21.ylaoine and triet~'lylamine 

The rates of ti1e oxidati :m re~ctions of all these 

a~ines by hoxacyanoferrate (III) were cependent on the first 

-po~Ters of the concentrations of the substrate c.:nd mddc.nt 

(Table :5). This indice.tcd t0.e.t the reaction was directly 

octwcen the s~bstrate and oxide~t. 

The addition of hex~cyenoferrate (II) ions did not 

have any influence on the rates of the reactions. This 

sh~wcd the irreversibility of t~e initial electron-abstr~ction 

step between the substrete nnd oxidant. 

The addition of salts did not have any effect on 

the rate of the reaction» indicating that thd reection wss 

between an ion and a neutral (dipolar) oolecule. 

The wechaniso of the reaction was envisaged co 

procGedinG via the transfer of one electron, froo t~o nitrcgen 

ntJ~ of the ar.1inei to the 0xidant. This v!Ould. result in t~1e 

foroatLm of t:1e cation raclicc,l interLJediate (a::1iniur:.1 cc:..tion 

reCiict..l). J.>:.1inium. rcdicals ware firot proposed for tho 

~~foann-Loffler preparetion Jf N-nethyl-granateoine (97). 

Ralt.ted e.rylclialkyl aw.init-1:.1 radice.ls were postulo.tod to 
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explain the effects ;)f a sarios of mdc1e:r.:.ts on tertiary 

auir-GS (98). Jl.D.iniuo radice.ls wsre shown to be g3neratoc1 

fr8:...J. the oxidc:.tL:·n of alkylaninez cmd e.rylalkyluoines, 'It/heroin 

the 8ne-electron reagent directly renoved an electron fro~ 

e.n ruJ.ine ) 

---·~)R3 N! + xr 

The oxidizing agents which have been used to generate 

aoinium radicels fro~ alkyl acines or arylalkyl aoines have 

included nitrogen dioxide in CC14 (~, 1DD), N-bromosucclnimide 

in CCI~ (101), motal-catalyzJd oxidations by oxygon in bonzcme-

oet~'1e.nol (102) , silver ions in acetonitrile (103') , N-c.hloro­

benzotriazole in benzene(i04), pernunganato(46), chlorine 

dioxide (105-112), iron (III) C8wplei:ed ldth ve.rious 

substituted pllenanthrolineo (113) ~ octe:.cyanow'Jlybc1e.te(V) coopl::nr 

(113), e.nd hexc:.cye..ncferre.te (III) in aU:r.line neC.iu:J. (113-116) • 

.ll.o.iniUD ra.:1icc.ls ars of intor2:st not only bec~uGe they are 

isoelectronic with elkyl re.dicalS 9 but also because these 

spocios ha.ve ~.)eon used 2.s chain-carrying interneJ.iates in 

novel s~~thetic &~9licetiJns (117-126). 

Geooetricel factors influencing the st~bility of 

nJn-&rooatic aoinium r~diccls hevo baen extensively ir-vestigntod 

using cyclic voltammetry (127) and photoelectron opectrocccpy 

(128) • The ste.bili ty o:f the r2..dice.ls 9 foraed fron cvo.pl3X 
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polycyclic tortic-_ry aoines ~ was s.(_:o"lfJr.. to depend on 

fc:..vo-vrr2.ble alignoents for the lons pc.ir -occ intGJcactions ~ 

which. fe.voured tl1rough-bonc! interactions ratt1er tl1an through-

space interactions(i27~128). ThG oxidation of cyclic and 

noncyclic polyaoine'S by linear sweep voltaGJ.etry sb.o"trJGd tl1c:..t 

tb.o intr.oduction of an electroi.'l withc1rawing heteroatoD into 

a tertiary aoine)destabilized tb.e aniniuo rac1ical and 

reis8d t~e oxidation peak ~otential (129)· The net effect 

vn:.s t.o_o stabiliZ8:tLm of tho incipient rc.dicel ca.ti·Jn as a 

result of throu~h-bond interactions (129). The low ponk 

potontial of N s N 9 N# 9 N....,- tetraethyl-1 9 2-diai:J.i:noethe.ne (I); 

reletiva to trietl1ylaoine)was attributed to stabilize:.tion by 

a t:1ro~:G-1.-boncl interaction betHoen the nitrogGn ato;:1s. Tbis 

ce-r1Jonyl oxidation proc1ucto (12 9) o Thus~ tl1e oxide.:ticm 

proceeded via a Grob fragoentation ( Sc~eBe) 9 Which h~d the 

ae:me stereochGoice.l requirer:.1ent as a through-bond intorc:~cti6n 

(130) 0 

-e 

Et2NCH2CH2N-Et2 

(I) 

> 

---> 

+ HCHO 

( SCHEME ) 
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It was reported that aoines containin~ the 

fj -chloroethyl group underwent b'Jth v(- ancl j3- cL1lorination 

in cc14; hydrolysis of t~e resultant products produced 

aldehydes and secondary aninea (131). The oxidative 

deaUtylation of tertiary ao.ines in acidic aqueous hypochlorous 

ecic1 solution gave a product which could have been forwed 

either ~y abstraction of an o(-proton or by en electrophilic 

attack on the o(-c~rbon (131). There was a greater tevdency 

towards N-nethyl oxidation by hypochlorouo acid (31) anG by 

c:11orine clioxide{112). N-!.1aloam.ides ~1e:ce ooserved to oxidize 

tertiary &1ines in a r::u~ .. rLirwr very si:Jiler to that of b.ypo~1.alous 

acid. SucL1 reactions 1r1ere usually perfor::.::ed in aqueous aedic:.~ 

resulting in the foroation of vinyla~ine type of products 

(132 ~133). T~e gas phase reacti.)ns of triethylaw.ine (35) and 

trioethyleoine (35) with oxygen ~ad indiccted two concwrre~t 

oxid~tion pathways i~ t~e early staees. Tbe overell process 

produced oainly ethylawine and ~cetaldehydeo The reactio~ 

rates of atomic oxygen (frm:::: N + NO -?N2 + 0 ) with D.::lines i 

gave an order of reectivity triwethylaoine) dioethylaBine) 

ethylaoin.e ) methylar::Q.ne ) c:.r.1oonia (134 s 135). The roe..ction 

products for nethylaoine were oetheneg a[monia 1 water 9 

llydrogens oxyeen and the l1yc1roxyl radical (134~135). The 

overall proco-ss in tt1e anodic 01cidation of tertiary aU{.ylaoines 

in f>.cetoni trile or in a~u.eou.s alil::c.line solutions 1,vaa the 
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oxidative 'dealkylation to ce.rbonyl cou.pourtdS and seconde.ry 

amines (136). Secondary aoines also underwent a siQilar 

dealkylation process (137). Most of the evidence presented 

for the ~echanistic pathways supported a ~echaniso analogous 

to tl:1at proposed for cheoical one-electron oxidants and did 

not involve electrode surface phenomena (138). ~or~itLcnG 

of the logarithos of tL1.e rate constants of sever-al 1·-elec-tron 

..:oxtrlntion.s of· am.ines - with the amine polarographic 

peak potentials have bean oade (109). Product distribution and 

a low primary isotope effect fmt the deprotor..ation step·) 

supported a transition state with a nearly int~ct o(-C-H bond, 

reoagbling the aminiuo cation radical more than the o(-aoino 

radical (109). 

In the present investigation~ the aminiuo cation 

radicals obteined fron the oxidation of ethylaoine 1 diethylauine 

and triethylaoine, reGpectively, were characterized by ESR 

spectroscopy (vide 'aadical Intermediates'). 

The subsequent steps were rapid~ and no interoediato 

product(s) could be isolated from the reactiQn nixture. 

The foroation of the internediates ( Qj E and F 

respectively)g seeoed reasonable~ in view of the arguments 

advanced fDr the relative stability of such types of syotcos(i39). 
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required ez a consequence of t~e ro~ctiJn stuic~i~~9try and 

t~1e observed rsc:.ction :prot.lucts. 

ree.cti vi ty of tL1o c:.o.ines 1l'Ji th hoxecya.n-::Jforre. te (III) 1fl2.S 

triatt1yla:.1ine ) diethylawine > ethylaoine ( Table 3). This 

order of reactivity w2.s probcbly uictatoG for the oost )art 

by tha io:nizativn potentials of tile auineo p w~1ic~1 follovl the 

revercv order (140). This order -::Jf reactivity was to be 

expected for electron tr~nsfer froo nitrogen 9 since t~e 

alkyl c;roups 1-1ere electron - done. tin($ inductive substituer.to. 

Oxidative dealkylation wa~ obsexved in the rec..ctiono of 

c..lip:1.e.tic aoine$ wit!:"i cnlo:cine c1ioxic1e (105-107) 9 e.r!d ~trit~;. 

b:.,1ff ered parL..1anc;ane.te ( 46) 9 wt1erein the invrolve:Jent of 

~uiniur.1 ce.tion raC:.icc..ls vJc.:J de:2onstrateC:.; t~1e r ee.ct.i vi ty 01lUJ 

in M1;:, orcl_er 

Oxidc:1tive c1eaUryle.tL:nJ. also occurroC:. in livir:e; 

Dicro:J.JL1e.l frr.ction of L12:..1r.:::aliD.n. liv3r (141). Oxic!.n.ticn at 

tho ""./-carbon vJe..o c:.lso invo lvecl i:n tl1e bioeonosi s o:Z al~c..luids; 
'·· '--
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st e;: ol t_1e oxiJ.c:.ti...Jn r ec::.ptions of c.lip'-lc.tic e.oir:.eo ( 46 ~ 

10?-107, 144-150). 

T~1e s~uence of reactions for t~1e o:::::iuc..tion of t~~e 

respective aoines by :J.ejmcyE.n:>fer :e,ta {III)» is s_J..~~.rn in 

Sc~1.e>-2e s 4-6. 

SCi-13~ 4 

Oxide.tion of 1tl:.ylamine 

ca c::ro + 
3 

Fe(CN)~­
) 

:fast 

+ 
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Oxidation of Dietl2ylc.:.oiLe 

c-T 
..:.-...L 

) 

• 

·+ 
( c2H5) 2-N-H 

Fe(CN)~­
~ 

+ 0""-"T G:-1 0 v-'-3 -
---+ + H 

.+ 
Sl:J"i'l 

) (c2r-I5) 3 N 

) 
( --+) 

( C2 H5)2N-? -G;-I3 
Fe(CN)~­

fc-.ot ). 
-.::-l 

+ 
( c2::-:r5) 2_,N = C - C3.3 , 

fl 

H20 

--+ + l-l 

of t~J3 aDi:neD ~ Yr:/era ioolated c:.Ed c~1eracteriz3cl by S;_Jectrc:.l 

Det~o.cds ( viCle 'Ex;;?eriDental' : Product J_ne.lysis). 
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KI:GTETICS OF O:KID.i>.TION OF Sv~~,~ J~.i:tDii;.ATIC AEINES 

The oxidation of aronatic anines has been achieved 

by a v~riety of oxidizing agents$ and the products obtained 

froo such oxidation reactions :1ave haen observed to be 

dep::n1ldent on the nature of the ~mine ll the oxidizing ageEt, 

and the reaction conditions eoployed for these reactions. 

Priuary aromatic amines gave good yielcs of azobenzeEs 

when oxidized by naneexJ.ese dioxide (1-4). The ozidation of 

substituted benzylanilines U'Ji tl1 oang2.,nese dioxide gc.ve ti'le 

corresponding benzylidene- anilines in good yields (5). 

The oxidation of N-benzylanilines by halogen or 

hyl;Ol1alite s.~1owed ti.lat t~'-e .:.1y-po:'2ali te attack in oet:1e.rwl 

did not involve the for:.:J.ation of an N-~1alogenated interwec1ic:,t'.J ( S). 

PriDary aror::.mtic aoines -vJere oxidized by lead tetra"* 

acet~te to either azobenzenes (7,8), or to quinones aLa 

derivatives (8) as oajor ;;roc1ucts 9 depending on the ring 

substituents, but the yields were quite low. These oxidation 

reactions involved t~'la interoeC:.iacy of tb.e hydrazo conpounc1s 

(7 ,8) • The oxidation of p~1e:nncylanilineo by le&.G. tetre..ac.3tate 
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aniline by lee..d tetraacete.te ge.ve e. eta,ble rc:.c1icc:.l (iC). 

J...rowa-tic e.::~.ines ~rJere oxidized by Cu (II) in b.yfu:'m~:y1ic 

oolvents; in t~:..e presei.1Ce ')f oxygen; to cow) lex w.i:xt:.-rr ::;s. 

~~iline ge..ve quinone ~nil ~s a ~~jor product$ in e..ddition 

t;) azobenzene e.nd p:'1enm~e.zine (11). 

Argentic ions have been usee for tbe converoion of 

priuary a:..::1inea t;) oixtures of nitriles e..nd alde:~:rdes (12). 

Tl1e oxidation of e.rowatic auineo i:ly .b.g (II) picolinate ~~Ju;; 

S.tl§;gssted as e. one-electron transfer proce::JS v'li t,1 t_1e 

dooo:nstre..tion oli t_~e interoeGiacf ;::,i re..dicc:.l cations (13). 

aing-oubstituted anilines were cohverted to t0s respective 

azobenzene on tree..t~e~t wit) e.rgentic oxide i~ benzene or 

ether oedia (14). The oxidation of ri~g substituted e..nilineo 

by Ag2co
3 

/ celite gave azobenzaneo 9 and t:1e ree.ction wc;.s 

postulated to proceed by a r~dical coupling process(15,16). 

T~1.e ree..ction bett-JeeJC. 9eroxydisulfate ion e.nd 

Sios oxidation (17-19)3 w~s st~died Kinetically (20-22)~ 

Wherein a general oechaLiG~ for t2e process was sugge3ted. 

The o..c~idation of prioary e.ror..1c:.tic anines by ~eroxydisulfc.tG in 

acetic acid g~ve N-aryl-~-ben~oquinone dii~ines as the initi8l 

products )i and t:1e pathvJay "t·Ja.s suggested to involve radice.l 

inter~ediateo (23-26). 
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.&illilineo ~1ere oxidized to nitJCoben.zer:.es by t-b:J.t:fl 

~:cydroperozide at loirl tew:;;n~ratv..re8 ir. t:1e precence of ve.r-aC:.itltfl 

or w.ol~rndem.EJ. catalycts (27). Ti.1e __}ec:iE.nis:::t involved a re..IJiC. 

reveroible f:)roati ::>n of e.. pero~ride - catalyst co..:.1plexp follo~·e..Q 

"by t~le r<de detar21ini:ng m ... 1cleop:1ilic attack of t~1e ruJ.ine lone 

pair and a 2eterolytic oxygen- oxygen bond cleavage (27). 

Perbenzoic acid aLd m-c~lorobenzoic acid ~ave been uoad for 

t~1.e oxida.tion of 2,4,6-tri-t-batylaniline (28) and 4-fluorenyl-

~mine (29). 

Pero.xyacetyl n.i trate eave ~1igb. yield.s of acatawiC..e 

from pri::J.ary a::ines (3C). 

Quinones and ~ui~one imineo Were obtained fT03 the 

oxidati :n'ls of aromatic amines by :potao~ium r..i trosodio-....:lfonate 

(:51). 

Tb.e treatwent oi primar:l amines wit~1 rF5 gave 1:itrileo 

(32 ,33) 5 vl~1i le carbonyl comiJOl::nds were oote.ined froll"l. t~-:e 

o .. ~ida.tion of secondary ~ineo (32 ,3j) a;-:.d tertiary Mtires (:)4) • 

The o:;ddation of N-alkylarylac.i:r_eo by c.0.ro.nic e.cic!. 

ge.ve aldehydes in yields up to 37%; quinonee and nt:1er 

oxide.tion :products were aloo f::>rmed. (35). The o:xiC.ation of 

N-alkyl-2, 4-dini troanilines 'ifJi t~1. c~1.romic aciC:. was re:port sG. (3 6) • 

T~1e oxida-'.:;ion of _,_oriaary am.ines by eerie ions gave 

t~?e quinone i~1ine in 7Cf!/o yield (37). 

Tl1.e iodination of anilines in a:1ueous DI1SO a:riCi. DLF 



media (38) ~ by N-iodosucci:c.i:.uic~e (39) and by iodine m.onoc~1lori:le 

(40) ~:,ave bema reported. T~".e c'. lorination of anilines by 

chloramine-T has been studied (41). 

The electroc~:temical o::dde.tion of e.niline at e. 

~latir.t~ electroce has been stu&ied (42). 

The oxidation ~f aniline has bsen studied ~it~ a 

variety of oxidizing agents sue~:. as ~e:ciodate ( 43) , quinazo lin38 

(44), N-chloro&enzamide (45), soa.±um c.~i.loride (46), 1-fl:..:.oro-

2~4-dinitrobenzene and 1-c~lo?o-2~4-dir.itrobenzene(47)1 

peroJcymonop~1ospl.1oric acid (48) ~ bro:.o.ate ion (49), sotliur:a iod2.te 

(50) p tit.allium (III) ion (51t ~ ::;icryl c~"lloric.e (52,53), 

phenyl-2,4~6-~rinitrophenyl et~ers (54)~ acetonapht~or-es in 

variom:; solvents (55), su."bstit·y:.ted banzyl chlorides in met:':'.ar.ol­

acetonitrile mixtures (56)~ a~d with chlorowethylated phenols 

(57). 

The oxidati:Jn oi N 9 l-T-dimet~1yla:nilir,,a vlith Hn(III) 

acetate in acetic acid~ in t~a presance of air, gave a product 

which wao derived by the co~densation of a foraaldehyde Q~it 

irlit:.1 the substrate (58) • fl1~1e l1in (III) acetate oxidatior.:. of 

N ?N-dialkylani lines gave lT-aryl-N-aE{yl acetamides in high 

yielcts (55-). W'hen oxidized by l'in(III) acetate 9 a series 3f 

p-substituted N 9 1\T-diaUcyl-anilines gave e;ood yielcs of 

p-su\ostituted N-phenyl - N-alkyl aceta!l!.ic1e (6C). 
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N,N-dialkylanilines undergo oxidative. dealkylatior~~ 

on treatment with lead 't9traacetate, to give N-aryl-N-al~7l 

acetamide as t~e major product (61). Based on kinetic stuQieo 

of tl1e o:::ddati~:n of a number of: neta- c..nd para-substituted 

N,N-dimethylanilines by lead tetraacetate in chloroform/ 

acetic anhydride, a nec:1anism involving the rat.e determini::-c.g 

abstraction of an electron fro:::~ nitrogen to give an aminium 

cation radical, followed oy rapid proton loss and a second 

(rapid) electron transfer, was proposed ·(62-63). The f valua 

( - 2.4 + o.5) fow:.Ci for ring substituted dimeti'2ylanilines 

indicated a high degrse of positive charge on nitrogen in 

the transition state(6:;). ~:::&pe::.:-imental evidence for the 

intermediacy of t~a aminium cation radicals has been obtained 

from electron spin resonance studies o~ a number o~·mono- , 

di- , and triaryl awines in solution with lead tetra-

acetate (64). 

T~1e oxidation of N l'N-dimet:1y1-aniline by CuC12 in 

ethanol provided evidence for nultiple two-electron tranofeT 

processes in the formation of the product (65). 

N~N-Dimethylalkylanines.were oxidized to the 

respective carbonyl compounc1s by UF 6 , t~1e mec.ic:.nism 

ir..volving a tvJo-electron :pat~:..vJe.y via an iminium ion 

intermediate (66). 
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J...s e.n exazaple of ,.::tetcq catalyzed 02 oxidEctions in 

t2e liquid :p:J.ase, N ,N~di.:.::~et".~Tyle,niline was converted to 

N-methyl-N-phenyl fori1:l.aDide, wnen t~1e mddation 'i'Jas car:ri 8(1 

out at ambient te~peratures in benzene over platinum black 

( 67' 68). 

The 01ridations of N ,N-6.imethylaniline and N-Kaet.t.tyl­

N-pher.ylanilin.e v-rith peroxomor..o:pb.osphoric acid (48.P6S) 

s~1m1ec1 a rate detex:rnining :nucleophilic attac~1:: of the neutral 

amine on the peracid oxygenp similar to that observed for 

ot:1.er peracid oJcidati::ms of p~i::;:ary am.ines (70). 

The 01ddations oi aromatic ar.1ines by pero]wdisulfate 

in aUre.line media (Boyland-Sims oxidation), wit2 particular 

re:ierence to ring-substituted N ,N-di:uet~1ylanilir.e, s:.~ovred 

tJat the reaction proceeded by an ipso attack wit~ rearrangeQe~t~ 

ro..t~1er t~1an a re.te limiting atte.c:i. at t.2e ortb.o carbbn (21). 

The o:Kidation of a series of substituted N ,N­

dimet~yle~ilinas by ozone had yielded N-met~yl formanilides 

and bis (N-mathylanilino) aethyl peroxides, the former 

product predominating in polar solvents~ and t~e latter 

p.roduct becoming mora important ·,:Jith decreasing solvent 

polarity (71). T.here was no formation of N- coctftes. It Ttias 

thDu~h tnat_bQth cationic and radical intermediates were 

i~volved 2s precursors ('l1). 

The free enereieo of for~ation of cation radicalo 
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and dicatior:dJ for a number of &.l:!.:yl substituted ort:.1o 

phenylene die.minea by cyclic voltawoetry was repo!!"ted(72). 

The oxid~tion of N-substituted diaryl auines to carbazoles 

at a platin~~ anode in acetonitrile has b3en reported(7j). 

TL1e addition of N ~N-dL:Jet;2ylaniline to the 

ruthenium cation (74) and to various complexes (75)~ has 

been investigated. 

The reactio~ of N-met~ylaniline wit2 di2ethyl 

aluw.initn2.1 hydride L1e.s bsen re}>,)rted (7 6) • 

T!:w N $N-di:G1et~1.ylanilir~e - tosyl cblo:rcide system 

had beeri used to initiate tE1e polyw.erization of: several 

vinyl polys:iers ~ r;.nd the t~inetics of suet:. polymerization 

reactions have been studied (77). 

KinStic isotope effects in the reactions of be~zyl­

benzene sulfor..at.es t-1litb. lJ ~N-dimethylanilines have been 

reported (78) .• 

Diarylamines ~-Jere o:;~idized by nickel perollide 

to tetre.aryl hydrazines (79). 

The electroc~-w!2.1ice.l o~ddation of disubstit :).ted 

dip~1enylamines ,s,nd trisL:tstit-..:ted triphenylamines bad 

resulted in the formation of stable radical cations~ whic3 

on furt.her oxidation gavG carbazolGS (80). T~1e anodic 

oxidation of para-substituted di:t_'Jl.lenylamin·aS S~lO\rJed tE.1at 
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the initially foroed cation radic&ls could give rise to 

different types of products~ depending on the nature of 

ti'le Sll bs-t:i tu.ent and the e..Ur.alini ty of the medium (81) • 

The pl1otocyclizatL.m of N-substitu-~ed diphenyl­

&Dines in non-halogenated solve~ts supported a mechanism 

involving the conversion of triplet amine to diuydrocarbazole, 

and subsequ3ntly to carbazole (82). In tae presence Qf 

incre~win~ amom~ts of CC14 , the intramolecul~ triplet 

pathway was ouppressed, and intermolecular electron transfer 

processes were favoured, leadins to complex mixtures of 

products (83). 

Dipklenylanine was oxidized ·to the ketone in good 

yield by dipllenyl selenic e..n~1yc11'ide (84), and by diphenyl 

selenyl chloride (85). 

The mdde~tion of aro;:2e.tic a.::2ines adsorbed on 

various oxic1e surfaces was studied by ESR spectroscopy 9 and 

the idsn.tity of the deoorbed product vtJas s.:_~.Jwn to depend 

on the o.J{ide surface. For exar:ap-le, diphenylamir?.e gave c1i,.;;:i1eny: 

nitroxides on an alumina surface~ tli1ile N,_N-diphenylbenzidine 

'lfl&S obtained ·when the o:.cic1ation ~rms carried out on c:.n alumina­

silica surface (86). 

The dye-sensitized photo-oxidation of diphenylamine 

nas baen reported (87). 



The rec:..ction of c~1lorine dio~~id.e with e.. seriec of 

rin.g substituted N fN-dimeti.1ylbenzylaDJi:nes e:z~:libi ted the 

validity of linear free energy relationohips (88). These 

o'xide.tion reactions deoonstrated the Cl.uality of J:1ecl1anisrus 

(electron abstraction and hydrogen abstraction), operating 

in chlorine dioxide oxidations (89). In both, electron 

abstre.cti::m and hydrogen e..bst.ractionl' a planar configure..tion 

of the bonds aoout the nitrogen atom should be energetically 

favoured. These would involve Sp2 orbitals, wit~ the odd 

electron in the p-orbite..l. 

Ti.1e ree.ctiono of di..::lat:'lylbenzyl e.:o.ines ~ri th 

bromine (9G), and with. hypocb.lormus acid (88) , sh.:..wed 1.)._ 

preferential benzyl cleavage, while t~e reactior. wit~ c2lorin3 

dimdde indicated t~1.at tb.e cleavage was dependent on the 

number of o(-hydrogen atons present {88). 

Benzylamine was oxidized by Im02 in nodere..te 

yields to the corresponding carbonyl cogpound~ e..nc spectral 

evidence for an inine precursor was reported {91). 

I·Jeutral perr:aanganate (92,93) or ali{aline peroanga:-~c.t3 

{94) ~1.e..ve b3en used for the 'JXidation of anines ~1avine; hydroe;en 

on carbon bonded to nitrogen (o( -hydrogen}~ leading to coaplez 

lllixtures of products p dependi,~_g on tb.e structure of tha e..rt.1ine 

and the reaction conditions. The suggested oechanistic 

~athway involving the initial f~roatiJn of t~e iginiun species 

wc:..s also fou~d to depend on the structure of t~e amine (95). 
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Benzyl amine W2.3 oxidized to the c :)rreoponc~iu g 

nitrile witL':l. le~d tetre.c:.cett-te in reflmr:ing ber.zene (96). 

Dibenifa~ine ~mderwent oxidative cleavage with lead 

tetrae.cetate giving be:nzaldehyC!.e (60o/o) c:.nd benzonitrile 

(24%) 9 al::m.e; 't"Jith smaller e.nounto cd oubstituted benzylz.Dines 

(96). 

Cuprouo chloride in }yridine;in the preS3nce of 

o:z:ygen/was used to oxidize substituted benzylamines to the 

corresponding benzonitriles (97). 

Nickel peroxide has 0eerl uoed. for th3 prepe..ratior: 

of nitriles fran substituted benzylamines (98). 

Cobe..l t (III) in perchloric acid colution hc:.s b-::e:n 

used for the oxide.tion of benzyla;::.inG ~ W~'lerein t_~e benzyl 

re..ciice..l vJas stabilized by reson(;).nce ~ e..nd. t~'le oec:'laniotic 

:pat;,WJCJ.Y involved t...:1e attaci1: at t:1e ~-C-}1 (99). 

BenzylaEJ.ine and o(-metl1yl-benzyle.Bine v!ere 

cony;erted to benzaldehyde e.nd aceto:-9:1enone p respectively, 

WL1era the oxidations were carried out 'V'!ith aqueous pote..ssit£1 

ferrate (100). 

Methylbenzyla~ine w~s oxidized to t~e ce..rbonyl 

co:wpound vJ~1.en the o.xidati·Jnn vier@. carried out lrJi tl1 PdCl2 

in the prQsence of 1~~ palladiuo on ch~xcoel (101). 

Primary and sec ::)]i.'1UE.:cy alit.yle...Jines and a1I1:ylaryl-

a~ines (substituted benzylamin3S ) having an 

carbonyl coD.pou:1Ci as the uaj or product 'VJ:'len the oxidations 

were carri3G out witil, di~cyl peroxides (102). 



110 

Kinetic studieo Ecnd -~:.le results of substituer,t 

effects in the oxidation of benzylaoines vJith p-ni trobenzen.e 

sulfonyl peroxide, supported a two-stepp t~vo-electron 

uech~nism, wherein rapid nucleophilic attack by the amine 

ge.ve an adduct. This we,s follov:~ad by the rate-deteroining 

elimination to give the ioine (103). 

Kinetic e.nd isotope effect st<J_dies ·vJitb.. substituted 

benzylamines and substituted anylsulfonyl peroJ~ides supported 

c..:n unSyDD.etrical tre.nSition St8.tG for aliminationP in W"hich 

the leawing group was l&rgely re~oved,giving rise to 

substantial benzylic proton transfer (104). 

B.utl~eniuo (III) ~1as been used as ~atalyst in t~1e 

mddation of benzylamines by oxidizing agents such as p11enyl­

iodosoacetate (105) , acid broo.s.te (106) anc1 ~'lmmcyanoferrE.ta 

(III) in alkaline medium (107). 
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PRESEr-Jr W03.K 

The present "t:JOd;: is c;, detailed kinetic ir:.vestigatiorl 

of tbe oxidation of ar:JZ!£.tic c:.~ines by potassium he::1mcya:rc.o-

ferrate (III), in aH~alin.a mec~iur.1, at coi::Dtant ionic strengt~-::.9 

under a nitrogen atmosphere, using aqueous oethsnol (v/v) ac 

solvent. T~1.e ar omutic a:::.1ineo vJ).ich i'lave bee1-;. usee.. for tb.e 

purpozec of oxidati~L have indiuded: 

(a) kniline ~nd substituted anilineo 

(b) H-.Met:.1ylar~iline; N-ethylani lL. .. •e; diphenylawine 

aLd substituted diphenyla~ines 

(c) N 9 N-Dimetl1.ylaniline; N 9 N-diet~1ylani line. 

(d) Benzylaoine and substituteu benzyle.J.:.ines 

Stoici1iooetry ( Vide 'Expe:ric.1ental'): 

T!:1e stoichiolWetry of t~.1e reactions were deter::Jin8d 

to be: 

(a) For aniline 

( 3- ( ) 4- + ~ NH2 + 4Fe CN) 6 ---7 A.rN == NAr· +4Fe CN 6 + 4H • 

(b) For N-12ethylaniline 

• 
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(c) For lJ-ethylaniline 

3-Cifl11N + 6Fe (CN) 6 + 2H2 0 --7 c7n7No + C.d20 

+6?e ( CN) ~- + 6:-1+ • 

(d) For diphenylacine 

zc12a11N + 2Fe(CN)~- ~c24 H20 N2 + 2Fe(CH)~-

(e) Fo.c N 9 N-dinetnylc.nilir..G 

c1 cf-r15N + 8Fc(CN)~- + 3:120~C?E7NO +- C:~2o ~ c
2

r-.r
4
o 

+ 8Fe(C:txT)~- + Sit • 

(g) F0r benzylanine 



113 

Effect of substrate z.r.d oxide.nt 

T~.e rates :)f all ti'le::.:e o:tcidc..tion rea.cti::mo vrere 

cbper..uent on tb.e first pm·rers ~, f the concentrations of 

substrate e.nd :>:ziClant (Te.h les 1-5 ) • 

Table 1: Effect )f :LiiJEJtrate ax·d oxide-.nt 

I Aniline I I x3Fe(CN) 6 I 4 10 }!: I-t:obs 

(102 :tc M) ( 103 
X fll) ( -1 ) s 

1 .. 0 1.0 1.9 

;>.o 1.0 9 .. 6 

10.0 1.0 19.5 

25.0 1.0 b.D 3 ~o • 

1.0 0.5 1.8 

1.0 0.25 1.8 

1.0 0.10 1.9 

1 Na.OE 1 = 2.5 x io-3 M; (L= o.1M ; 



Table 2 : Effect of substrate and oxidant 

I Substrate I I K3Fe(CN) 6 I ~05 x kobs (s-1) 

( 102 
X M:) 103 X I:l/: N-rn.ethyl- N-athyl-

aniline aniline 

1.0 1.0 6.0 7.5 
2.5 1.0 15.0 19.0 

5.0 1.0 30.0 38.0 

10.0 1.0 61.0 75.0 

25.0 1.0 1?0.0 190.0 

1.0 0.75 6.3 7.8 
1 .. 0 0.50 6.5 7.2 

1.0 0.25 6.5 7.5 
1.0 0.10 6.0 7.6 

I Na02 I = 1 
-2 o .25r.a; r~1eOH = 6o% (v lv); X 10 ~-1:; r-- = 

tew.p. = 35°C. 

Table 3: Effect of substrate and oxidemt 

I Substrate I 5 (q-1) 10 X k ::; obs I K
3

Fe (CN) 6 I 

( iOJ X M) N ~N-dimethyl- N ~N-di'- et.::::.yl-
aailine aniline 

1.0 1.0 9.5 11.5 

2.5 1.0 24.0 29.0 

5.0 1.,0 48 .. 0 6o.o 
10.0 1 .. 0 96.0 121.0 

25.0 1.0 245.0 290.0 
1.0 0.75 9.5 11.6 
1.0 0.50 9-3 11.5 
1.0 0.25 9.6 11.2 
i.O 0 .. 10 9.5 11.3 

/Naoa I = 1xio-2r1; p-: 0.25M; i"laO::-~ = 60o/~ (v /v); te;::1p., = 35°C. 
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Tabls 4: EJfect of substre.t'3 a::.d :JXidant 

I Diphenylawine I 

1.0 1.0 5.5 

2.5 1.0 13.5 

5.0 1.0 28.0 

10.0 1.0 55.0 
25.0 1.0 138.0 
1.0 0.75 5.8 
1.,0 0.5 ~.6 

1.0 Oo25 5.0 
1.0 0.1 5.6 

I Nami I =: o.H~; r-= 0.1M; Me0:-1 = 70% (vlv); te!.:lp. = 50°C. 

Table 5: Effect of substr.s~te E~:;d oxidant 

I Benzylamine I 

( I1 ) 

0.1 

0.25 
0.50 
1.0 

1.0 

1.0 

1.0 

I K3Fe(CN) 6 I 

( 102 
X 1>1 ) 

1.0 

1.0 

1.0 

1.0 

1.0 

2./5 
5 .. 0 

10.0 

I NaO~I I = 1 x 10-21¥1; f-= 0.1 :f:/1; 

MeOE = 6oo/o (vlv); temp. = 6o0 c. 

7.0 
17.0 

35.0 
6 g.o 

170.0 

68.0 

70.0 

68.0 
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Plots of kobs' tne pseudo-first order rate 

constant, against a 25-fold range of co~centration of 

substrates 9 g~ve straig~t lines pasoing through the origifi. 

indicating that the rate of oxidation wao dependent on the 

first power of the concentratio~s of the substr~tes. This 

was further oeen by the cGnstcnt values of k 2 , the oecond 

order rate constant. ID&en a constant corrcentration of 

substrr,t·3 (le..rge excess) was uaed, kobs did not s;J.oW any 

appreciable ve.riation with changing concentrations of oxidant 

(10-fold range), i~dicating ~first order dependence of the 

reaction· on the concentration of.the oxidant (Tableo 1-5 )• 

Effect of aU-tali 

The rata o::[ the reaction was independent of the 

concentration of alkali in the range studied (TablGS 6-10). 

Tabla 6 : Effect of alkali 

I Na03 I 104 _.x kobs 

(103 X 14) ( s-1) 

2.5 1.9 
5.0 1.9 

10.0 1.8 

25.0 1.8 

I I -2 3 .Aniline = 1 :;c 10 M; I K
3

Fe (CN) 6 I = 1 :x 10- £4; r= 0.1 ~-1; l1eOH = 300/o(v/v); tao:p. = 35°c. 
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Table 7: Effect of alkali 

I NaO=-i I io5 v 
..t'~ r-r . 

-008 
(s-1) 

(10
2 

X M) N-o.ethyl- N-et~1yl-
ar:ilin3 aniline 

6 

1.0 6.0 7.5 

2.5 6oO 7.5 

5.0 6.5 7.8 

10.0 6.3 7.5 

25.0 6.0 7.5 

I Subctr~tes I = 1x1o-2M; I K
3

Fe(CN)
6 

I = 1 x io-3 M; 

{A·= 0.25 H; Hem-I = 6o~~(v/v); te:1p. = 35°c ... 

Table 8: Effect of alkali 

I I 5 ( -1) NaO:I 10 x f-{obs s 

1.0 

2.5 

5.0 

10.0 

25.0 

N,N-dioethyl­
aniline 

9.5 

9.5 

9.3 

9oJ 

9.6 

N,N-diethyl­
aniline 

11.5 

11 .. 6 

11.5 

11.2 

11.3 



Te.ble 9.: Effect of al£e.li 

I Na03 I 

( 102 
X 14) 

5.0 
10.0 

25.0 

1 1 ~ . 
. _l_ iJ 

5.5 
5.2 
5.0 
5.5 
5.5 

I Dip~'lanylaoine I = 1 x 10-2If; I x3Fe (CN) 6 I = 1 z 1o-3r.c; 

f = o • 2 5 H; Me o~:.I = 7 oa;~ ( v 1 v) ; t .:;op • = 5o 0 c • 

'i'able 10: 

I NaOH I 

( 10
2 

X M) 

1.0 

2.5 

I ' tA_ = O.iM; 

Effect of aUrali 

69.0 
68.0 

70.0 

67 .o 
68.0 
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~rJi tb neutral hexz-.cya:r_oferrate (III), but t:1e reactions <Jere 

very EJlmJ. This s!.1owed t~1.at an. e.l=<::e.line ~ediuw 1fJas necessar J 

no depend::mce on aU~ali over t~~a concentration range otue!.iad~ 

ti1e rs..te trras not incLepe:ndeiit of the cor:.centrrticn of alkali 

in the widar senae. 

:aate law 

Under t~e preoent experiwertal c~~ditio~s~ the re.ce 

law could be expressed as : 

Rate = 
d/Fe(CN)~- I 

dt = ~obs I ADine/ I Fe(CN)~- / 

The pseudo-first order rc;.te coL stant ~ 

frou t~e equation (108): 

2.303 
I-tobs = t • 0 0 • 

(vide '3xperinental': Calcul~tions). 

~ffect of solvent 

••••• 0 0 

:aeacti:::r_o involvi:.'lg e.n ionic reacte.nt c-xe 

(1) 

(2) 

ouacaptible to solvent influences. It is hence t.c. be expect; 3C. 

th[;.t in t:'le preoent inveotigc:.tio:rr:p t~1.e S.)lver_,_t euould.. be 

playi.l.'it; an i:::1port~:.nt r.) le. T~lB oxic1a.t1.on of awil-:es is 

definitely in~luencad by the oolvant oystew. ~~e rate 8f 

oxide.ti:n1. was ,slo11'Jest in thoce solvent r..ixturoz the.t 
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cocteined t2e lergest pro~ortiJnB of wetar, enc increaoi~g 

proportions of ~etilanol reoultad in en increa~e ir t3e rate 

oi oxidation (Tableo 11-12). In t~e cese of t2e oxid~tion 

of N~N-dinethylaniline, incree~ing proyortions of ~etb~nol 

resulted in a decree.se in the :C[..te of OJ~idation (Table 13). 

Table 11: Effect of solv~3t 

--------------- ------·-----------

(%~ v /v) 

30-70 

35-65 

40-60 

45-55 

50-50 

1.9 

3. 1 

s.o 
8.9 

15.1 



Table 12: Effect of oolve~t 

( %, vlv) 

55-45 

60-40 

65-35 

70-'jO 

121 

4.0 

4.8 

5.5 

------------------------------·-----------------------
I DipcJ.enylao.irr..e I = 1 x 10-2K; I K

3
Fe (CN) 6 I = 1 x 10-3I{l; 

I NaO.::t I = o.H1; f'-= 0.1 M; teD13e = 50°C. 

Table 13: Effect of col vent 

I-!ieOa-E2o 105 X k ba 0 0 

( Yo g vlv) ( D -1) 

45-55 18.2 

50-50 15.2 

55-45 12.5 

60-40 9·5 

65-35 7.3 

I I -2 
N~N-uiLJ.ethylanilinG = 1x1G M; 

1 x 10-311; / NaO::I I = 1 x ic-2 
:1; f = 0.25 !1; 

teop. = :J5°C. 



In t:1.e preoe:nt invGctic;::~tion, in. going froo lo~trer to 

higher percentages of gethsnol ( v/v)~ the polarity decreaoeo. 

This decrease in the polarity of the medium c~used an increase 

in the rete of the reaction (Tables 11-12). A plot of log kobo 

against the reciprocal of the dielectric constant was linear 

(Figs. 1-3) # indicating tb.at the reactions under conoideration 

were of the ion-dipole t3~e (109) • 

.A conplete explanati·:Jn of the role of tl1e solvent 

in cheoical reactions c~nnot be offered an the basic of the 

dielectric constant· of t~-:1.e medium alone. 

On the basis of the solvating power of the solvent, 

:a correct prediction of a q;:.-lj;Lli tative nature car:. be oe.de 

of the rate of the ree.ction in different solvent wedia. I:n 

the present investigation 9 the tranoition state is less 

polar ti1e.n the ini ti&l state: (raactantn) j because of the . 

increased dispersal of cha~ges in the transition state. Thio 

" wo.uld indica-te -~hat tb.e exteht of solvation .. of. th.e transition 

stats Ti1aS less than that for: the reactantsJ thus agreeing 

With the-asstuaptions of Hughes and Ingold (110). Therefore~ 

the decrease in the rate of oxide:.tion on the additi0n of c;; 

Bore polar solvent (Tables it-12), in the present work, is 

a natural result of the progressive increLse in solvation of 

the reactants more the,n that of the tranoition ste,te. 
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Substrate 

ANILINE 

4 +log kobs 

(s-1) 

0.6 . 

0.3 . 

n·.o ~------~r---------...--
0 .015 0. 01.7 0.019 

1/0 --~> 
Fig. 1 • Plot of log kobs agai..,'1st the· 

reciprocal of the dielectric 

constant (Substrate: ANILINE). 
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-3 .s+ 
i 
! 
l 
I 
t 

~ 

t l 
-4.0t 

log kobs I 
(s -1) t 

' 

-4.2 L. -----
0.016 

5 ub str at o ~ 

N,N-QIMETHV~ANILI~ 

\r;; --

~-------------~~---------
O.fJ18 0.020 

1/0 ' 
~7 

Fi~. 2 • Plot of 1 og k b ag ai n st t he 
0 s 

reciprocal of tho dioloctric constant 

(SubstrCJ.t..J 

1 



r 
-4.0+ 

t -4.1 

log kobs 

(s-1) 
-4.2 

I 
! 

Substrnto: 

.Q1 PHEN)I'L AMINE 

-4.3 ~----~~----~-------+-------+------~ ~ 
0.018 0.020 a.o22 

1/0 

Fig • 3 • Plot of log kobs against tho 

rociprncal:' of tho dioloctric constont 

(Substr:1to ~ DIPHENYLAMINE) 



The ef:cact of e c~2cnge in t_:.'la solvent c.Jm.poGi tior1 

on reection rates would ~leo d3~and on fsctors such as 

solvent - solute interactLJ1.1J3 (111, 112) ~ c:.nd on solvent 

structure (109)· 

Effect of tenperature 

The rate of the reactiJn vJas i:r.il:..~enc-3d by cLlang"JG 

in te::1perature, t:2.e rata o~-:.o1r1in3 an increase •sJith an inci"e2.GG 

in t~1e teL'1perc.tt,U'8 (Table:::: 14 - 18) • 

Table 14.: 3ffect of te.:.Jperat1-rre 

35.0 io9 

45.0 3.1 

50.0 L.\ .1 

6G.O 6o4 

~ = 0.1 Vi. 
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Tacle 15: Effect of teoperz.turG 

Te.-1p. <:t. o.1°C) 
105 X Ti bQ 0 ;;:; 

(s-1) 

N-met~:J.yl- N-et~yl-

aniline aniline 

30.0 4.4 6.0 

35.0 6.0 7.5 
40.0 8.5 9.5 
45.0 1:1...1 12.6 

50.0 14.0 15.5 

I Substrates I == 1 Jt 10-2 M; I K
3

Fe ( CN) 6 I = 1 :iC io-3 I'i; 

/ NaO:-t I == 1 x 10-214; aq. uet-~e.nol = 607~(v lv); jA = 0. 25IV.:~ 

Table 16: Effect of teoperc.ture 

30.0 

35.0 
40.0 

45.0 

50.0 

5 
10 x I1:obs 

N ~l..J-dioethyl­

aniline 

7.2 
9.5 

11.8 

14.3 
17.2 

N ,N-diet~;yl­

aniline 

9.1 
11.5 

14.5 
15.8 

21.0 

I Na03 / • 1 x 10-2M; aq. wet~anol = 6~~ (v/v); 

tt= 0.25 l~. 
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Table 17: Effect of teQperature 

-~--

TerJ.p .. (z. 0.1 °C) 105 x kobs ( s-1) 

30.0 o.6 
3?.0 1o5 
40.0 2 .. 6 
45.0 3-9 
50.0 5.5 

I Na0.,-1 I = O.iM;aq. oat~e.r:ul = 70% (vlv); Jk= o.i M. 

Table 18: 3ffect of teopereture 

05 ( 9 -1) 1 x kobs 

5o~o 3·7 
55.0 5.1 
60.0 6.9 
65.0 9oi 

70.0 11.9 
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-, 
o.e 

Substrate : 

ANILINE 

o·.s 

0'.2 

3.0 3.1 3.2 

Fig.if-. Plot of log kobs against the reciprocal 

of temperature (Substrate ANILINE). 
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-J ... 

-------: 

Substratos ~ 
I 

I'll~ N-O I MET HY LAN I LINE\ 
I 

N ~ N- DIET H ¥ Li~N I L IN E i 

-· ·-- ----·"·-~~--- ---1---- ... -----·------·---~-------1 
3.0 3.2 3.4 

10 3/T 

Fig,. 5 • Plots of log kobs against tho 

rociprocal of tomporaturo 

(Substrates : D-G-8 N 9 N- DH1ET H YL-
AN I LINE 

N ~ N-DIET HYL­
ANILINE) 
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·--------·--------------------

0: Substrata~ DIPHENYLAMINE 

o·. g + \ 

l 
I 
I \ 

I 
\ 

\0 . -r i 

' \ 
\ 

l \. 
\ 

5 + log k obs \ 
\ 

(s-1) 
\ 

0.6 

~-
' \ 

I \ 

\ 

I 
\ 

\\ 
\ 

~ r \ 
'-

0.3 ' ....-~ .... ~....- ..... --· -..... --- t -- - - .,.-... --~· -- -------+--------.:. 3.0 3.,1 3.2 

10 3/T 
~ 

Fig. 6 • Plot of log kobs against thG 

reciprocal of tomporaturB 

(Sub str nt e ~ DI PHENV L AMINE) 



BENZYL AMINE 

I 
1.0' + 

Substrate 

\ 
\ 
\ 

~ 
. \ 

I 
\ 

0.4 ~·---------------r-
! 

·-----·-f..-----~---·~--··-' 
2.8 

Fig. 7 • 

3.2 

- 7' 
Plot of log kobs against tho 

reciprocal of temperature 

(Substrate 8 EN Z! L AM IN E ) 
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StJbstrates : 

8-G-Gl ~N- METHYL AN !_LINE 

G}--f3-G : N-ETijJLANU.INE 

U.6 "-------------------· 
3.1 3.3 

---) 

Ffg.~. Plot of log kobs against the 

reciprocal of t8mf:?erature 

(Substrates: 0-8-8 N ... METHYL­
-----mJILINE 

(3--£t-E! N-ETHVL­
ANILINE) 
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Fron the linear plots oi log k ba against the 
0 0 

re.ciprocal of temperature ( FigG. 4-!,) , the activation 

energies were calculated. The 0tber activation parameters 

have been calculated ~nd ~re o~Jwn in Table 19. 

Table 19: Activation Parameters 

--- A- £J.S:f:: Substrates: E .6.H-r-

(kJ mol-1) -1 (kJ mol ) (s-1) (JK-1 mol-1) 

.Aniline 42.t.2 39±.2 2:x103 -190.:!:,5 

N-Methyl- 42:t,3 39±? 8xio2 -155,t5 aniline 

N-Ethyl ... 40.!:,3 37t) 5xto2 -170j) 
aniline 

N,N-Dimethyl ... 
36+3 33.±.3 1.3x1o2 -210!6 aniline -

:ti ,N-Diethyl-
33±,3 30£5 1.5Jcio2 -215+6 aniline -

Diphenylamine 71t..4 68+4 - 2x107 -115~5 

B-enzylal:;line 53+4 50±,4 2x104 -170+6 - -· 

The l0W valueD o:Z the activation energies e..~d of 

~H4= ware due to the resonance otabilization of the intermediate 

radical by the nitrogen loL9 pc~r ( or the resonance stabilization 

of the radical cation by the phenyl group). The l~xge negative 

values of_ .1s'* _suggested that tae foroation of the transition 

state 1-1aa strongly enhancad by entropic factors. Values 
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..t... 
of ~S~ in this r~nge for r~dical reacci8~S h~va been 

aocrioed (113) to the natLrre of electron - pairing and 

electron-unpair1ng proeeeaee, bJth 8f which are f8roidden 

processes. 

T2e addition of K4Fe(CN) 6 in the concentration 

ra:'lge (1.0 x io-4N t:J 1,.0 ::~r 10-3~4), did not ~va any effent 

on the rates of t2ese ozidation reacti0ns. 

Effect of ionic otrength 

Variations in the ionic strength of t~e medium 

uoing KCl (f-A-= G.01 M to 0.25 !4), did not have any effect 

on the rateo of these oxi&tion reactions. 

Effect of added salts 

The addition of salts such es NaCl, NaNo
3

, KN03 , 

Na2so4 , f.l1gS04 (concentration range 1 • .0 x 1o-4:oc to 5.0 :K 10-)M), 

did not have any effect on tne rates oi these oxidation 

reactions. 

Structural il':.fluences on the rate of O:lcide..tion 

The introducti ::on of electron releasing groupe 

caused an increaoe in the rate of the reaction, \flhereas 

electron lJiithdrawing groups cc-.used a. decrease in tl1e rate of 
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the rel:~ction. Such structural effects i'J.ave been observed in 

t~1e case .:)f aniline and substituted anilines (Table 20); 

diphenylamine and substituted diphenylaminea (Table 21)-

and for benzylamine and substitut·ad benzylawines (Table 22). 

Table 20: &ffect of substituents (anilines) 

I Substituent I 105 }~ Iiobs 
(0.01 M) (s-1) 

p-nethoxy 105.0 

o-methoxy 43.0 
' 

p-netb.yl :;a.o 

o-met~1.yl 27.0 

. r1-1:1ethyl 22.0 

H(aniline) 19.0 

p-chloro 15.0 

o-c~'lloro 12.0 

ta-chloro 8.0 

m-nitro 4.0 

p-nitro 3.0 

o ... nitro 2.0 

aq. methanol= 30% (vlv); ~= O.iM; tenp. 0 = 35 c. 
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Table 21: Effect of substituer.tc (diphenylBl:lines) 

-------------------------------------------------------
I Subatituents I 

( O.Oiff) 

p-a..J.ino 

p-l:i.1eti'lyl 

g(diphenyla~ine) 

w-ni tro 

p-nitro 

10.0 

1.1 
e.g 

aq. :netl1.anol = ?CJl/o (vlv);f<-= o.u~; tc:Jp. 0 = 50 c. 

Table 22: Effect of substitueato (benzylewines) 

I Substituent I 

(1,0M) 

P-Dethoxy 
p-nethyl 
n-wethyl 

~(benzylanine) 

m-nethoxy 
p-chloro 

o-chloro 

r::1-nitro 
p-nitro 

412 

148 

83 

69 
62 
54 
28 

15 
11 

----------------------------------------------------------
I K3Fe{CN) 6 I = 0.01 11; I NaOB I = ix1o-2

M; 

aq. methanol = 600/o (vlv); fA= o.U-1; t::m.j_::. = 6o0 c. 
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S+log ktlbs 
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Substrates- . ANI LINES • 

1 • p-meth crxy- 6 t u"t'lsubstitute • 
2 • o-metboxy- 7 : n-chloro-• 
3 s -p-meth~rl- 8 • o-cbloro-• 
4 • o-meth:vl- 9 t m-ct,l.,ro • 
5 : m-methyl- 10 • "1-ni.tro-• 

11 t p-nitro-

-0.4 o.o o·.4 o.s 
crt ) 

Pl6t of log kobs against 

(Substrates: ~I LINE and 

o-+ 
SUBSTITUTED 

Jlli.ILINES } 
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6+log kobs 

(s-1) 
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Sub st r at as: 

1 

2 

3 

4 

5 

6 

DIPHENY. LAMI N ES 

p-amino-

P-methoxy-

P-mathyl-

un substi t ut a~d 

m-nitro-

p-nitro-

a·. a ,.___.___,t. ___ ........_ ___ ,~...-__ __,.i ___ _ 

-0.8 -0.4 o.o 0.4 a.a 

0:> 
Fig.IO P.lot of log ( kobs against D 

(Substrates~ DIPHENYLAMINE and - ---a=a-- -
SWBSTITWTED DIPHENVLAMINE:S). 
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5 + log kobs 

(s-1) 

0.6 

.. --1·. :'I'< 
'l t r 

S~:~bstrates :. BENZY.LAMINES 

1 p-methoxy-

2 p-methyl-

3 m-methyl-

4 unsubstituted 

5 m-methoxy-
6 p-chloro-

7 m-chloro-

8 m-nitro-

9 P-nitro-

o·. o· ~--__;.-----r---..::~-----___J 
-0.4 o.o-

() ---~ 7 

Fig.)t P.lot of log kobs against 0 
(Substrates : BENZVLAMlNE .!!0..9 

SUBSTITUTED BENZYLAMINES) 



:aamrn.ett plot 

linear 

Plots of log k ba against o-+ ( or c:r ) were 
0 iJ 

(Figs. <:J-11), and the slopes gave f t (or f ) values 

( correlation coefficient ""' 0. 99 in each ce:.s.e) aa sho""Vm in 

Table 23. 

Table 23* : Values of f+ ( or f' ) 

Substrates 

Ani lines - 1,0 ( f+ ) 

Diphenylamines -1.0 (·f) 

Benzylamines 1;,0 (f) 

* Values of a-+ » <S" , e.nc1 cs;; have been taken from ref .• 114 •. 

Values of f between - 0.75 and - 1.8 indicate 

·radical processes (115,116)~ Wheraas the foroation of ari 

ionic intermediate would yield vz"lues of f"betvJeen - 3.0 

·and ... 5.0 (117-119). In the present .. investigation:,. the f" 
. values for t!.1ese substrates· ( ani lines $1 diphenylamines and 

b.enzylamines) Trlere in the range for processes ttherein the 

rate deter2ining step involved the formation of radical 

interwediates. 

Pol}'l..uerization of.acrylonitrile and precipitation 

with :TI.erclJXiC ch.loride 2ave .·been observed in these amine . 
. . ... . ... . ,, .. 

oxidation reactions~ su~porting the formetion of radical 

intermediates in the rate detgrmining step~ 
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Kinetic isoto~e effect 

The Oxidati:m o:= benzylamine -d..._- d2 exhibited 

a kinetic isotope effect, wit~ ~ I kD = 6.3, i~dicating a 

cleavage of the C-H boud of the metbylene group attached 

to t2e aryl ring. T~is would result in the formation of a 

radical intermediate. Ir. the oxidation of organic 

substrates 1 oi::nilar k:a: / kD values had in6.icz.ted a clee.vage 

of the C-H boLd 1 givi~~ a radical intercediate {116~120-122). 

aadical Intermediates 

The esr spectra of tJe correspondin6 r~dical~, 

generated frmr, tl'le oxidation "Jf the subt:tre.tes, -v1ere obt[.insC.. 

(vide 'Experigental' : ES~ m8asurements). 

(a) From t1e oxidation of aniline 

The esr spectrum of t~e radical, generated from 

the oxidatLln of anilina ~ cor;.tc:.i:ns:d 4 aetn of 1: 2; 1 triplets. 

T.his splitting pattern Tfl~.G attributed to t;:e interaction 

of the unpaired electron S)in ,Ji th tb.e ni troge:n atom, th$ 

)ydrogen atom attac~1.sd t::; tb.e :nitroger:, e.nc. t:1e two hyd.:cogen 

atoms at poci~ioLc ort~o to the nitrogen ~tom. ~~is spectrum 

1r1as si!\.llilt...r to that of t~1e short-lived anilino radical 

(c6H5I1::-I}, observed dv.ring the fle.sh p~'lotolysis of aniline in 

the gas phe.se (123), or by cor;.tin<J.ous ir.re.diatio:n in rigid 

glasses (124). 



(b) Fro~ the oxidation of diphenylamine 

~he esr spectruc of tDe radical, generated fron the 

oxidatijn of diphenylamine, gave a 1:2:1 triplet, corresponding 
.. 

to the dtphenylamino radical (Ar2N ). The coupling constants 
(in gauss) for the miphenylamino radical were; ~ = 8.85, 

~ (ortho) = 3.68, ag (meta) = 1.5o. ~I (para) = 4.30, with 

a value of sav • 2.0030 ~ o.ooo2. 

(c) From the oxidation of N,N-dimetaylaniline 

The esr speetruo of the radical, generated from 

the oxida.tion of N,N-dimat.hylaniline, gave 3 spectral lines 

with peak heights of 1:2:1. Thia is the peak height distributi~r 

for an unpaired electron in tho environoent of two equivalent 

hydrogen atoas. The following inferences c~n be drawn from 

t!:lis spectrun: 

(i) the stable radical was forQed by the losG of an 

electron from the nitrogen atmm. 

(ii)the interaction of the unp2ired electron With the 

methyl groups wao not observ3d1 and hence no hyperfina 

splitting was seen. 

(d) From the oxidation of N,N-diethylaniline 

The esr spectrum of the radical, generated from t~e 

oxidation of N,N-dietaylaniline, gave 12 spectrel lines~ The 

spectrum indicated t~at t~e three protons of the methyl group 

interact With the unpaired electron to give a hyperfine splitting 
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of 27.0 gauss. The two methylene protons were magnetically 

equivalent with a splitting of 22.5 gauss. 

(e) From the oxidation of benzylamine 

The esr spectrun at the redical, gene~ated from 

the oxidation of benzylaBine, gave 12 spectral lines, 

consisting of four sets o£ 1:2:1 triplets. The unpaired 

electron was subject to an interaction with the nitrogen 

atom (aN= 12.0 gauss). The coupling coLstants (in gauss) 

were a2 , 6 H = 3.40. a3, 5 H = ).45, and a4H ~ 3.55. 

Mechanism 

(a) Oxidation of ~nili~e 

Tb.e rate of the reaction bett-Ieen aniline and 

hexacyanoferrate (III) in ~lk&line medium, was dependent 

on the first.powers of th3 concentrations of· both, 

substrate and: oxidant (Table 1). This indicated that the : 

reaction was directly between the substrate e.ncl o:Kidant. 

The addition of h~acyanoferrate (II) ions did not 

have any effect on the rate of .,the reacti.on. This showed that 
:·: 

the first step between t2e substrate and oxidant (the electror­

abs~raction step) was an irreversible step. 
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The addition o~ salts did not have any effect on 

the rate of the reaction, indicating that t~e reaction was 

between an ion and a neutral (~ipolar) specieo. 

The reaction pathway wes via the forruation of a 

radical intermediate. characterized as t~e aniline radical 

(ArNH) by ESR spectroscopy as 4 sets of 1:2:1 triplets 

(vide tRadical Interoediates')• 

The formation of the radical i~ter~ediate in t~e 

rate determining step of the reection was further supported 

by the value of f+ = - 1.0, Which was in the range for 

reactiobs proceeding via radical intermediates (115~116). 

The subsequent steps, involving oxidative 

coupling, were rapid, and no intermediate product(s) could 

be isolated from the reaction nixture. gfforts to isolate 

hydrazobenzene (~ were not cuccessful~ Indepandent kinetic 

experiments conducted in this laboratory showed that 

2ydrazobenzene was rapidl/ co~verted to ezobenzene, under 

the same experioental conditions. The rate constants at 

35°C varied as follows: 103 x k
0

b
8

(s-1) = 5.5 (O.OiM hydrazo­

benzene) and 56.0 (0.1M hydrazobenzene), at ~K3Fe(CN) 6Jr o.OOiM 

(of. rate data in Table 1). T~us, hydrazobanzene, if formed 

as an intermediate in the ozid~tion of aniline by alkaline 

hexecyanoferrate(III), would be rapidly oJddized to the 

product. Earlier work had shown that hy6razobenzene was 

quartitatively oxidized ~o azobenzene {0,133), at a much 



fester rate taan was aniline. 

Owing to the reacy co~version of aro~atie amineo 

to t.J.e corre8ponc1ing aryl!:lydrc:.zines (125), the conversion of 

monosubstituted hytlrazines to t~1eir corresponding hydrooe.rbons 

appeared to have So!de synt:1etic utility (126-132). Syrn,.':!etrically 

disubstituted hydrezines such as hydrazobenzene(133), 2,3-

diazabicyolo [2.2.1] heptane (135), and 1,1-di-(p-acetaruido­

phenyl) hydrazopropane (135), heve ~een oxidized by copper(II) 

only a::: fe.r as the azo compound. Even i:r: t~-:..e cc.oe .Jf so:ne 

cyclic hydrazines wnich underwent de~ydrogenatiJn to fJrm a 

hydrazone)rether than an azo com;ound(1j7), there was evider-ce 

to 3b.o~l7 t,.'lat the azo cow.;_Jou:rAd .:lay still be an intermediate 

Primary aroJatic amines have beer readily oxidiz3d 

to azobenz3nes by cupr::>us chloride ar.;.C:_ oxyge1~i when pyridine 

wao usgd as the solvent (133, 138-140}. The rate of 

oxid~tivn of aniline to ~zobecsane w~s increasgd by. electron 

donating substituents (133,138). 

The presence of e.n ortho imi:r~o group changed the 

c :)ppe? (II) oxidation of _,..:rim&"-~ 5r ar ::>lllatic e.cines fro:n an 

inter!:!olecu.lar di.llar,:tzation to an intramolecular cyclize..tion. 

Thus acetalde!1.yde o-a~in:)e.t il vJas cyclized to 2-:.se·ti'J.yl-

benzi~idazole by cu~ric acete.te (141). Al~ analogous 

oxidation had occurred in t.:1e cc:.se o:Z o-e-.~inC1azo0enzenes 

(142-146). 
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The products obteined from the lead tetraacetate 

oxidation of anilines were best rationalized in terms of 
.... 

intermediate aminium cation r~dicals ( Ar Nq
2 

) 
• 

or anilino 

radicals (Ar -~ ). There was no evidence for the formation 

of either nitrenes or amino cations, Ar~~I (1q7). 

It kas been established that phenols can undergo 

oxidat:J.ve coupling in ti1a presence of oxidizing agents 'Such C\..S 

ferr:tc chloride (148·150), Fenton's reagent(148-150), 

manganese trisacetylacetonate in cs2 ar acetonitrile(151)~ 

vanadium tetrachloride or vanadium oxytrichloride{152-154), 

and by llexacyanoferrate(III) in alkaline i11edia(155-161) •. 

In an analogous man~erf the oxidative coupling of 

amines has been effected. With KMno4 as the o:~dde:.nt, 

·N-phenyl-2-naphthylamine w~s converted to the 1,1 -coupling 

dimer at 0°C in about 4~io yield(162). A siwilar oxidation 

of N-2-na.ph.thyl-3-naphthylamine by pota.sl:lium permanganate, 

gave the corresponding·c~rbon-carbon end c~rbon-nitrogen 

coupling products in yields =of 200/o and 30%, respectively· 

(162). 

Oxidative coupling, in Which a C~C· b~nd or a 

N-N bo~d can be generated, was not limited to phenols and 

aromatic amines. In the ox~dation of an olefin with manganic 

acetate in acetic acid, the wcjor product was a ~-lactone 

in which acetic acid wus coupled oxidatively to the 
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olefin (163,io4). The oxidetive coupling of tarmnal 

acetylenic compounds to give conjugated diynes has been 

oboervad eit~er with cupric acetate in pyridine,or with 

oxygeng cuprous chloride ar.cl z,mmoniW:J. chloride in aqueous 

et~anol (165~170). 

In tl1e present ir_vestiga.tion$ tae mechanism. for 

the oxide.tion of aniline b':r aLtc..line ~'leJce.cyanoferrate (III) 

involved the f'orgatton of the radical intermediate, which 

underwant further oxidative C.)t:~)ling to give tl1e :9roduct, 

azooenzene. 

Tile reaction sequ~:mce is sho-vm. in Sche.:Ie 1. 

3 slow • ( b.._ + .Ar l'E12 + Fe ( CN) 6- ..-;, .Ar NH + Fe CN) 6 + H 

.Ar r\q + Arl-1H2 + Fe(CN) 3- !as~ArN-NAr + Fe(CN) 4
6 
.. 

6 l • 
H H +H+ 

(~ 

J..r N - N .kr + 2Fe(CN)~- fast> J..r N = 

I f 
NAr + 2Fe ( CN) ~-

H H 

(Scheme 1) 

The product obtained,_ azobenzene, was isolated and 

characterized by spectral methods (vide 'Experiuental*: 

Product ~nalysis). 
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(b) Oxidation of N-methylaniline 

The observation of sec~nd order overall kinetics 

(first order in each, substrate and oxidant) suggests that 

ti1e reaction involves the direct reaction between the 

oubstrate and oxid~nt (T2ble 2). 

The addition o::.~ h.8zacyanoferrata(II) ions did 

not he..ve any effect on the rate of the reaction. This siwl'led 

that the first step of the reaction bett1een t!ie substre.te and 

oxidant (the electronebstraction step) was an irreversible 

step. 

The additiJn of s.alts did not have any effect 

on th2 rate of the reaction, s~owing th~t the reection was 

betifreen an ion and.. u neutral (c1ipolar) nolacule • 

.An internedie.te free re.dical was produced by the 

tranofer of one electron, fror..1 t~1e nitrogen atos of tl1e 

anine to the oxident. Tho i~terrnediate species was 

pootule.ted to be an aminiu::1 rc::dical cation. Several 

e}~a::rples of stuble aminiuw radice.l c~:.tions he.ve been report-ad 

(171-182). 

The hydrogen abstraction reections shown in Schenc 2~ 

leading to an intermediatG radical species$ were two-step 

reactions. First, t.h.e electron was abstracted (rate-li9iting)~ 

and than tile proton was removed by 03:- (feat step). This ·:rJ~:.s 

the function of the requiredi but kinetically invisible b~ce. 



This aechanisc hes been demonstrated for a related system 

(183). 

The subsequent steps were rapid, end no intermediate 

product(s) could be isolated from the re._ction nixture. Effort"o 

to isolate thG carbinolaoine (~, ware not successful. It 

could be postulated that the c~binolamine, when formed as 

an intermediate, would be rapidly converted to the corresponding 

N-acyl derivative. The oechanism involved the removal of 

four electrons from the starting cocpound, which was in 

agreenent with the stoichiometry of the reaction. 

The reaction sequence is shown in Scheoe 2. 

3 slow ·~ · Ar -NCH3 + Fe ( CN) 6- ~ Ar-NCH
3 k A 

(B:] 
fast~ 

{~ 

[B:J • 
---+) .Ar-N-Ci-IO:tr 

fast -1r 

Fe(CN)~- . ~-
___ ,,. Ar'-N..-fa.OR 
fast g Ar-N-CI-IO 

k 

( Schena 2 ) 



(c) Oxidati :m of ll-etl1]laniJ.ine 

Th3 rute of the reaction wes first order ~h each, 

substrate c:~nd oxidant (Table 2), s~1.owing t:'le.t t~1.e rata-

detsrt.::inir..s; step involved the direct reaction betvJeen the 

substrata and th3 oxidant. 

The a&citiJn of hexacyanoferrate (II) ions did nJt 

have any effect on the rata of the reection. T~is indiceted 

t.hat the first ste:p Jf "the reactior.;. (electron abstraction 

step) was an irre~ersible step. 

The adcliti.)n of salto did not have c;my effact 

on the rate of the reaction, ir.dicating that the reaction 

wa.s bet't'leen an ion and a neutral (dipJlar) species. 

The first step of t~e reactio~ involved an electron 

trc:nsfe:r froo the nitrogen e.tom of the aGine to the oxidant, 

resulting in the fors:Iation of t:1.e aninium radical cation. 

Exa~plas of steble aminiuo radical cati~ns have been 

reported (171-182). 

The hydrogen abst:actiJn r3acti~ns snown in Scheme 5t 

resulting in the formation of interJ.:JeCiat-a :!Ce.c1ice..l species~ 

werg•two-step reacti0hs. In t2e first step, the elGctYon was 

abstracted (slow step). ~emoval of a prJton by t~e base gavG 

rise to a radical intermaciat3 ( fasy step). This was the 

functL:m of th.a required, !::rut ::.:inatically invisible be..oe. 

system (103). 
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The subsequent st0ps w3re rapid, and no intermediate 

product(s) could be isolat3d fro~ the reaction mixtt~e. gff~rts 

to .. isolate the ca.rbinolarnine (C), were not succes"sfuL The 

re~aining fast steps involved the eliminati~n of water fro~ 

the carbinolanine, and furt:1.er oxidation qf tb.e resul te.nt 

ena<::<ir1e to afford an N-acyl deriv&.tive· (foroaniliC:.e} and a 

carbonyl compound (for::Jaldehyde, preoent as the hydra.te). T!~1e 

oJcide.tion of the enamir..e !El.JDt likely involved hydroxylation 

of the double bond followed oy oxidativ9 cleav~ge of tbe 

result, ant o(. -glycol, to yie lcl the products. r.r!J.e oxide,tive 

clee.ve.ge of 1 ,2-glycols to yi9ld the e..ldehydes b.as been 

established in earlier investigations (184-187). 

The oechanism involved the reooval o:t 8i:Z electrons 

from~tb.e starting cmupound, w~:.ic1:i. We.s in agre·ament with the 

stoichio~atry ~f the reacti~n. 

T~19 sequence of r·3e.cti :::ns is shown in Scb.a::.1e 3 • 

Ar-~-C2 H5 + 
H 

F o (CI\ )~-
~ 

fnst 

2Fe (CN )
3

-
• 6 > 

Fe {CN )~- slow .+ .La:],> ... ) Ar-N-C2H5 
~j fast 

OH 
+ ' H20 

Ar-~- Cl-lCH3 ~ Ar-N- C- Cl t3 - ;s. 
' t H 

OH 
t 

Ar-N-C-CH2 DH 
I I 
H H 

H H 

(f) 

2F {~11')3-a ,t.r·~ 6 
> 

( Scheme 3 ) 

Ar-N-CHO 

~ 

.. 
Ar-N-CHCH3 ~ 

H 

Ar-N-CH=CH2 
~ 

+ 
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{d) O~ddation of N, N-Di:m.ethylaniline . 
' 

The rate of t~'le ree.ction "lrlas first order in ec:.c:1» 

substrate and oxid~nt (Table 3)~ showing taat the rate-

determining step involved the direct ree.ctio:n bet"V"J·aen tl1a 

suostre.te c:.nd oxic1ant. 

The ad~ition ~f haxacyanofcrrate(II) ions did n~t 

have any effect on the re.te lJf t.he re~:.ctia:n. This indi.cat'3d 

t~1.at t_1e fir8t stap of the rec:.ctian (electron e.bstrEi.ction 

ste:p) '111&8 c;.n irreversible step. 

Tl1e addi·~ion oi sc:,l ts did n)t have any effect on 
the rate of tl1e rec;.ction. Showing tL1at ti1a re?.ction ~tas 

between an ion and a neutrc:.l (eipolar) species. 

An intar;aediate free radicc.l ~·Jas producad. by the 

transfer of o;;e electron, :."ro2 t~1e nitrot;en atom of the 

aoine to the oxicant. The interne~iate species was postulat3d 

to be an anini~ radical cation. Several e;camples 3f stabl.e 

aoiniun racical cations have bean reported (171-182). 

Ti1e L.1ydroge:n abstraction ra~.cti ::rr:s si1own in sc:1.ege 4 j 

lec:.ding to an interuediate radical e:pecias, ·were tvro-otep 

reactions. First, tha alect"'.col'1 was lost (rate-limit in g), c;,nc"l 



then the proton was abstre.cted by on· ( fast step). ThiS 

was tae function of the reguired, but kinetically invisible 

base. This mechanism has been demonstrated for • related 

systel:il {183) • 

The subsequent steps were rapid, and no interme&iate 

product(s) could be isolated froB the reactior- mixture. 

Efforts to isolate the carbinolamine(~)~ were not successful. 

It could be postulated that the c~xbinolamine, when form3d 

e..s an intermediate, would bg rapidly converted to ·1;11e_ 

corresponding N-acyl derivative. The mechanism involved 

the removal of four electrons frau the starting coopound, 

which was in agrea~ent with the stoichiometr3; of the reaction. 

The sequence o:f re~ctions is s2J.O'!t'Jn in Sc!1ame 4. _,. 

+ [B:J ~ 3 SlO't>J • __ _ 4.r N ( CH".{) 2 + .Fe ( CN) 6- ~ Ar-N -( 0:-:I ) ./ -- 3 2 fast 

..- I t_B.: J 
!;)-

fast 

Ar N-CH 
t 3 
CHO 

.Ar-N- CH3 

' 

Ar,-Ci.i3 

CB:OH .. ., 

~OH 

Fe(CN)~­
~ 

fast 

( Scheme 4 ) • 



(e) OJ::idation of N ,N-di,eth.ylar1iline 

The observation of second ordar overall Kinetics 

(first order in each, substrate and o}.ridant) sh.o'liTed tb.at 

the illechanistic pathwa~involved the direct reaction 

bet'ffleen -tP.e substre te end oxidant (Table ::S) • 

The addition of hexacyanoferrate(II) ions did not 

effect the rate of the reaction, indicating that the 

first step of the reactio~ (electron abstraction step) 

was an irreversible step. 

The addition of salts did not have any effect 

on the rate of the reaction, indicating that the reaction 

was between an ion and a neutrz.l {dipolar) species. 

The first step of the reacti~~ involved the oxidation 

of the amine to the carbinolamine (!),which then underwent 

rearrangement, rapidly, to give the secondary amine (N-ethyl­

aniline) and acetaldehyde. Evidently, this type of 

conversion was predominant in the initial staga of the 

reaction. This would expl&in the formation of acetaldehyde. 

The reaction of the secondary amine with the oxident gave 

tha aminium re.dical ilfution (slow step). Remov~.l of the 

proton by the base gave tbe radical intermediate (f~st step). 

The subsequent steps ware r.s;pid, and no intermediate 

product(s) could be isolated from the reaction mixture. 
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Efforts to isolate the carbinolamine(F), were not successfulr 

The reoaining fe.ot steps involved the eliK;lination of wc..ter 

from t~1e carbinolamine, anc1 fvrther mcidation of the 

resultant enamine to give an N--acyl de.civu.tive {:formaniliC.e) 

c:..nd a carbonyl co:npour~d (forme.lde~!..yde ll-·' present as the 

hydrate) • The oxide..tion of t!':.e enac.ine involved the 

hydroxylation o:f the double b·~r::.d}follotled by oxide..tive 

cleavage of the _.resultant cJ. -glycol to yield t~'le products· • 

The oxid~tive cleavage of 1,2-glycols to yield the aldehydes 

has been establis~1ed in e<:.rlier investigations (184-187). 

The oechanism involved the rer.J.ove,l of eight 

electr·ons from the ste..rting conpound., vll1ich \!'las in agreement 

with the stoichioQetry of the reaction. 

The sequeneeof ree·.ctions is s::.1own in Sci:.e::3.e 5. 
OH 

Ar-N (C2H5 ) 2 + 2Fe(CN)~- + H20 ---? Ar-i-z-CH3 ~ Ar-1\!-H 

• c 1-l 
2 5 

Ar-~-H + Fe(CN)~­
C~H5 

Fe (CN )~-
, t ) 

fast 

2H20 

OH 
l 

Ar-N- C- CH2 L1 H 
i I 
H H 

(F) 

2Fe(CN)~-
..... .> 

( Scheme 5 ) 

C2H5 
+ 

(E) 

-~) Ar-N-CH.:=CH2 
~ 

i\r-N-CHO + 
fl 
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The oxidation oi N-aethylaLiline, N-ethylaniline 

and N,N-diethylaniline to yield formanilide, ~nd the 

oxidation af N ,N-dir.1etllylanilin.e to yield N ... ~".J.ethylf.orme.nilic1e s 

constitute eJmmplaa of rec:ctions ~lllb.er-ain tb.e oxide;tion 

occurred et the N-alkyl side chains. leading to the form~tiow 

o f N-aldel1.ydes. 

A significant observation was th~t while the 

oxidation of N ,N-dit1et:1.ylaniline by elkaline he~mcyanoferrute 

(III) gave N-methylformanilide (Schege 4), that is 

A.r N ( CH3) 2 --;> Ar ~JCHO 

Ctl3 , 

the alkaline hexacyanoferrste{III) oxidation of N,N-diethyl­

aniline did not give any of t~e analogous N-ethylacetanilide 

(Scheme 5), that is 
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Instead, the OJcidation of N,N-d:iethylaniline gave formanilide 

nnd acetaldehyde (ScheGJ.e 5), ti.1at is 

u-N<cza,>2 

:;> Ar-NHCH = CH2 + Ar--jJ-Cl-iO 

;_f 

Evidently, in the oxidation of N,N-diethylaniline 

by alkaline hexacyanoferra.te(III), the type of co:nvei:sion(0 

was totally excluded, 

- 0 
I H 

---)>'?" --·N- CH 

Instead, the type of cor..v.arsL:m which dominated in the 

initial step was conversion (!?), 

• {b) -N- CH2R 
Col r ?H 
---~ - N- CHR 

i 
---')»~ -NH 

0 
If 

+ HCli. 

In the later stage, the ty-pe of convGrsion was (£), 

, 
(c) - N- CH2 C1I2R. , 

- N- CH = CHR 

. - 0 
' h -N-CH 

[o] 
?> 

[cJ.,_ 

+ 

OH· 
I l 

-N-GH - G:'i R 2 
t OH ~-1 -N- CJ-I- -m. 

0 

H~R 

-H
2
o 

--~ 

[o~ 

• 

In an analogous oxidation of N-ethyl, N-methyl­

a.niline (!.) by heltacyanoferr~te (III) in aHcc.line 0.edium, 

it was observed that a mixture of N-ethylforma.nilide (~) 
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end fJr~anilide (4) w~s obt~in~d. 

J..r-N-CFJ..
5 

&2~-15 
(!) 

l {b) 

[ J..r-}r-cr.:r3 t _:r _1 
<V 

(a) ___ .,. 

---~ 
Ar-N-C:iO 

' 3 

(4) 

of c.. type (a} convaroion ~ 'V'Jhile t~1a forr;Jz.ti;:m of f0L'2e.nilic1e (t:) 

repreoented a type(b) coLversion. 

Both H-;:usti1ylaniline e..nc1 N-etb.ylaniline vlere 

o:;"{idit.ed by aE~aline haxacyanoferre.te (III) to :co:ro.anilide. 

N-et_1yl, N-:::lethylaniline (!_) p::- Jbe.bly invol vod t~3 

inter~e~iacy of N-Qethylanilite (~)~ re..t~er then N-ethyl-

aniline. T~is transformation involved the cleavage of t~e 

C-a bond of t~1e d;-ce..rboi.. of t~':'.e et~'1yl group. T~-:io would 

be corsistent vJi tL1 t~1e fac"IJ t~~t a oec x_clary c-:~ cor c1 i!Jas 

The observed saco~d order overall kinetico (first 
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order in ee..ch, substrate and oxidant, Table~), indicated 

that the first step involved t~e direct reaction between 

the substrata and oxidant. Tnis step was an irreversible 

one, confirmed by the expericental observation that the 

addition of hexacyanoferrate (II) ions did not have any 

effect on th8 rate of the re~ction. 

The addition of salts did not have any effect 

on the rate of the reaction, indicating ti1at the reactim.-J. 

was between an ion and a neutral (dipQlar) molecule. 

The reaction pathway was via the formation of a 
• 

radical intermedi~te (diphenyla~ino radical, Ar2N ), which 

was detected by ESR spectroscopy as a 1:2:1 triplet. 

The subsequent step was rapid, resultin~ in the 

~ormation of the product, tatraphenylhydrazine. 

The mechanistic path'!rray can be represented as 

follows (Schene 6): 

Ar 2Nr-I + Fe(CN)~- slow> Jrr
2
N + Fe(CN)~- + H+ 

fast 
--~:> J.r 2N-NAr 2 

+ Fe(CN)~- + H+ 

( Scheme 6 ) 
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The for~tion of a radic~l f~ternediate in the 

rata daterQining step of the reaction wao supported by the 

value of fa - 1.0, which was in tae range for reactions 

p~oceeding via radic~l intommediates (115,116). 

0Jtidation of benzy:lamine 

The rate of the reaction w~s dependent on the ~irst 

po-vrers of the concentrati :ms :Jf substrate and m~idant 

(Table 5), indicating that the firot step of the re~ction 

was between the substrate and oxidant. 

Tho lacir of any effect on tb.e rate of the reaction 

by the addition of hexacyanoferrate(II) ions, indicated that 

the first step of the reaction (electron abstraction step) 

was un irreversible step. 

The addition of salts did not aave any eliact on the 

rate of the reaction, suggesti~g that the reaction was 

between an ion and a neutral (dipolar) wolecule. 

The first step of t~e re~ction involved an electron 

transfer fro:.u the nitrogen atoia of the aoine to the mcidc.nt, 

resulting in the formatio~ of an aminiuo radical cation. 

Exemples of st~ble awiniuo radical catioLs have o3en reportec 

(171-182). 

The hydrogen abstractio:r~ reaction s~1own in Sc!.'lelile 7, .. 
leedin~ to the foroation of bX~d-NH2 , was a two-stop proceoo. 
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First, the electron was lost (rate-limiting), and then the 

proton was abstracted by OH-(fast). This was the f~mction 

of the required, but kineticelly invisible bese. This 

i:>lech.nnism J:1as been denonstrc~ted t.or a related system(183). 

In neutral or weais:ly basic solution, it w~.s suggestec1 

that the reaction between substituted benzylamines and 

permanganate proceeds by a nechanism involving the direct 

reaction between the amine and peroanganate ion in the 

rate-determining step {94). The predooinant process in this 

oxidation reaction was suggested t~ be the abstraction of 

either an <=>(-hydrogen aton or a ~J.ydride ion (94), or an 

electron abstraction fron the nitrogen e.ton (95). In the 

case of the oxidation of benzylamine by permnnganate(94), 

the p~thway suggested was either ; 

(a) the transfer of a hydro3en atou in the slow stap to give 

Ifn(VI) and a radical interoediate, followed by rapid 

O}t:idation of the radice.l, ~r 

{b) the transfer of a hydride ion to give 11n(V) and a 

cetionic interoediate in a single slow step. 

In the present investi.ge,tion, the radical intarL.l.ediate 

was characterized by the vc.lue Jf f = - 1.0, by tile Itinetic 

isotope effect ( ~-I I RD = 6 .:)) , and by ESR spectroscopy ~rhich 

showed four sets of 1:2:1 triplets. 

•·. 
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The radical interoediate thus formed was subject to 

iooediata further oxidation, via the imina conjugate acid, 

to yield the products, benzaldehyde and aomonia, which were 

characterized by spectral matbods (vide '~xparioantal' : 

Product £oalysic). 

The sequence of raacti~ns is shown in Sche~e 7 • 

.Ar-CH • 1ia2 H20-> [ .Ar-;-wJ ?> 

Ar-C"".dO + NH 3 

( Scheoe 7 ) 

. 
a:r 
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C::rU\.l?TER 3 

KINETICS OF OXIDATION OF SOME INO.i:tG.ANIC 

SULFuR CO!VlPOUNDS 

The oxidation of inorganic sulfur compounds has 

been studied by several wori<ers ~ using a variety of oxidizing 

agents. 

(a) SULFITE ION 

rr:ne products formed 'Vlhen sulfite is oxidi23d are 

diagnostic of t~e character of the oxidant. One-electron 

transfer reagents convert sulfite to dithionate$ s2o6
2-

(vi~ tne radical anion, so3· )9 whereas two-electron oxidants 

tend to produce sulfate. Permanganate can produce botn 

products but with an excess of per:::r•anganate:; or 9 in basic 

solutimn, there v1as an alm.ost quantitative yield of the 

sulfate(1)w The oxidation of sulfite by oxygen-18 labeled 

permanganate showed that partial transfer of oxygen (0.2 

atoms of oxygen per mole of sulfate formed) from permang<.:;nate 

occurred during the oxidation (2). In acid media 9 sulfit·a 

ion has been oxidized by a variGty of transition metal ions 9 

notable among these being Fe(phen) 3
3+ and Fe3+ ions (3-7), 



scr04 ion (8) and IrCl~- ion (9). The reection of sulfite 

with som.e quinones had yield9d c. relationship with the redo;!: 

potcntial(10). v~rious types of metal ion complexes have been 

employed for th8 oxidc...tion of sulfite ions~ as for exemple} 

the Cu(III) tetraglycine comp1Gx(11)~ the Co(III) co~plex(i2)1 

aud the tatramine platinD.ill (IV) complex (13). The kinetics 

of oxidation of sulfite io~s by V(V) in acid medium (14), ~nd 

by N-chloroallylala~ne (15) have been reported. 

(b) DIT3:I O:NITE ION 

There was abundant evidence thct the dithionite ion~ 

S 0 2- , underwent rapid fragmentation in a~uaous solution. 2 l.:, 

The kinetic schG~es werG complicated and the product balancec 

were often not complete (16,17). It he.s bGen estahlis.i:wd tl12.t 

the dit~ionite ion is a strong snd versatile two-electron 

reducing agent {18). Tl1e reductio!: of carbonyl C0!!11WUnds with 

sodium dithionite h~s bJen roported {19,20). Verious metal 

ion complexes have been used to oxidise the dithionite 

ion {21,22). 

(c) THIOSULFATE ION 

The oxidation of thiosulf~ta by elkaline 

parm.e.nga:nate had yielded t~1e G'.,~lfn.te (23,24). The oxid.e.tion 

of thiosulfate by iodine~ forming tetre.thionate D.nd iodide~ 

is perhapn the best known reaction of tiliosulfatc e.:nd forms 

the basis of the titrimetric iodo~etric quantitative 



detercinations of oxidizing agents (25,26). The oxidation of 

thiosulfate by various ~etal ion oxidants was shown to ;procoJd 

either through the intermediacy of oetal-thiosul:fe.te comple:K.es 

(27-35) formed prior to electron transfer or witbout a cftange 

in the iP~er coordination sphere of the metal (36-39). The 

oxidation of thiosulfate by bromoacetate ion has been reportcQ 

(40). The oxidation of thiosulfcte by tetranitromethane, both 

in tho presence and absenc(:; of Cu(II) in aqueous o.ixtures of 

methanol and ethanol~ has been otudied ( 41). TE:le oxidF~tion 

of thiosulfate by sodiun iodoe..cGtate hr.d rep:::J.cted the :for:wati-.>:.'1 

of ion pairs (42). Octacyanooolybdate (V) has been used for 

the oxidation of thiosulfate ion (43). The reaction of 

thiosulfate 'Yli th oethyl iodide in aqueous solutions was 

reported (44). The oxidation of thiosulfate by W(V) ion has 

been investigated(45). 

(d) THIOCYANATE ION 

In the presence of acid permanganate or neutral 

pernanganate, the oxidation of thiocyanate tended to be 

incomplete (46). With alkaline perrnanganate, thiocyanate 

was oxidized to sulfate and cyanate (47)o Numerous investi­

gations of the ionic association of ferric ion with thiocyanate 

ion were reported (48-55)o Thiocyan~te ion has been oxidizGd 

by a variety of oxidizing agents such as Fe3+ ions {56-59), 

hydrogen peroxide (60)~ the equocobaltic ion (61)~ 
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cytochro~e C and porphyrin complexes (62,63), inorganic 

co;3flexes (64J65), aqueous iodine (66), bis~uth (V) ion (67)9 

cr6+ ions (6~-70), rhodium (III) complex (71),vanadium (V) 

ion (72)~ Fe(phen) 33+ end its derivatives (73), the Os(bipy)~+ 

co~plex (74), chloraoine-T (75,76), Ir (IV) in ecid uadiun(77)9 

acid bro~ate (78), anG by the 12-tungstocobaltate {III) 

complex (79). 
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PRESENT WORK 

The kinetics of oxidati::m of inorgani.c sulfur 

cow.polli"'ldS by h.exacyanoferrate (III) in alkaline ::'ledil.ll"Il, has 

not received adequate attention. The present 'lllork is E• dstaileC 

kinetic investigation of the oxidation of some inorganic 

sulfur compounds (sulfite, metabisulfite, dithionite, 

thiosulfate and thiocyanate ions) by potassium hexacyano-

ferrate (III)g in alkaline meQium, at constant ionic strength~ 

under a nitrogen atmosphere. 

Stoichiometry (vide 'Experi~ontal'): 

The stoichiooetry of the reactions were determined 

to be: 

(.a) For Sulfite 

2 so;-+ 2Fe(CN)~- ~ 82°6
2

- + 2Fe(CN)i- • 

(b) For metabisulfite 

2- ( )j- - 2- 4-8205 + 2Fe CN 6 + 2 OR~ 820 6 + 2 Fe(CN) 6 +H2o. 

(c) For dithionite 

2- ( )j-8204 + 2Fe CN 6 + 4 OH---7 2- ( )4-2803 + 2Fe CN 6 + 2H20 

(d) For thiosulfate 

2 s2o~- + 2Fe(CN)~-~ s4o~- + 2 Fe(CN)~-. 
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(e) For thiocyanate 

2 SCN- + 2Fo(CN)~----:} (SCN) 2 + 2Fe{CN)~- • 

( ) '· 0 ~ - S 2- ~ SC - + 8H~+ 3 SCN 2 + <: H2 --77 CN + Oll + .J N 

Effect of substrate and oxiclc::,nt 

The re.tes of the rec-.ctions 'ivore observed to be 

dependent on the first powers of the concentrations of 

each~ substrate end oxidant (Tables 1- 5 ). 

Table 1: Effect of t:mbstrate end oxidant 

I Sulfite I I K
3

Fe(CN) 6 I 104 
x kobs 

(103 X M) (103 X 1'-i) ( s -1 ) 

7.5 1.0 6.2 

10.0 1.0 8.3 

25~0 1.0 20.8 

50.0 1.0 42.0 

75.0 1.0 63 .o 

10.0 0.75 8.4 

10.0 0.50 8.2 

iO.O O.iO 8.3 

I NaOH I = 0.1 M; r .. -= 0.05 J!.i; tenp. = 35°C. 
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Table 2: Effect of substratG and oxidant 

I K2S205 I I K:;F3(CN)6 I 4 
10 x !cobs 

(103 X M) ( 103 X !{) ( s-1 ) 

7.5 1.0 10.8 

10.0 1.0 14.5 

25.0 1.0 ,6.0 

50.0 1o0 73.0 

7.5 0.75 10.5 

7 .. 5 o.5o 11.0 

7.5 0.10 10.8 

I NaOH I = 0.1 f4; /.J- = 0.05 N; teop. = 35°C. 

Table 3: Effect r)f substrate and oxidant 

I Dit~1ionite I I K3Fe ( CN) 6 I 
2 (10 X M) (1o3 

X M) 

1.0 1.0 2.2 

2.5 1.0 

5.0 1oO 11.0 

10 .. 0 ioO 

25~0 1.0 56.0 

1.0 0.75 2.0 

1.0 o.5o 2 .. 2 

1.0 OG10 2.0 

I Ne.OE I = 0.1 M; f= o.o5 N; teop. = 35°C. 
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Table 4 : Effect of substrate and oxident 

I Thiosulfate I I K3Fa(CN) 6 I to-:5 x"k ~ obs 

(M) (103 X M) ( s -1 ) 

0 .. 1 1QO 2.1 

J_ 0.25 1.0 5.2 

o.5o 1.0 10.6 

1.0 1.0 21.4 

o.5 0.75 10.7 

0.5 Oo5 10.5 

0.5 0.1 10o7 

I Nami I = 0.1 M; ~= o.o5 M; te:wp. = 35°c. 

Table 5: .:Effect of substrate and oxidant 

I Thiocyanate I I K3Fe(CN) 6 I 5 
10 x kobs 

(M) (103 X M) ( s-1) 

0.1 1.0 o.? 
0.5 1.0 3.5 
1.0 1 .. 0 7.0 
1.5 1.0 10.8 

2.0 1.0 14 .• 2 

2.0 0.5 14.0 

2.0 n 5 t:do 14.2 
2.0 5.0 14.0 

2.0 10.0 14.0 

I NaOH I = Oo5 .M; fA'= o.o5 I~; temp. = 50°C. 
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Plots of kobs' the pseudo firot order rate constantg eg~inst 

a ten-fold range of concentration of substratep gave streient 

lines passing t!J.rough the originp indice.ting that the rate of 

oxidation was dependent on tho first power of the concentrations 

of thG substratea This was further seen by the constant values 

of k2 p tho second order rate constant. When a constant 

concentration of substrate (l~rge excess) was used, k be 
0 ~ 

did not show any appreciable variatiJn with changing 

concentrations of oxidant (ten-fol~ range) indicating a firot 

ordGr dependence of the rate of the reaction on the 

concentration of tho oxidant (Tables 1-5). 

Effect of alkali 

The rates of thG reactions were dependent on the 

first powers of the concentrations of alkali in the range 

studied in the case of t~e sulfite, bisulfite and dithionite 

ions (Table 6 ). In the c~se 8f the thiosulfate and 

thiocyanate ions, the rates were independent of the 

concentrations of alkali in the range studied.(Table 7 ). 
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Tabla 6. Effect of NaOH 

Substrates 4 -1 .at 35°C for 10 x. kobs~ s 
( 
\ 0.01 M) 0.025 1-1 0.050 I1.f 0.10 !II 

Sulfit8 2.1 4.2 8.5 

BisulfitG* 2.7 5.1:1: 10.8 

Dithionite o.? 1.0 2.2 

K3Fe(CN) 6 = 1 X 10-:3 ~1; fA·= 0.0) I:tl 

*I Substrate I = 7.5 x 10-3 Ivl 

Table 7 : Effect of NaOH 

I NaOH I 
0.25 M 

21.2 

27.5 

5.5 

Substrates 105x kobs~ -1 at 35°C for I NaOR I s ~ 

( 0.5 M) 0.025 M o .o5 rJI 0.10 M 0.25 M 

Thiosulfete 10~4 10.5 10.6 10aJ 

*T~1iocyanate 14.0 14.5 14.2 14.0 

* I Thiocyanate I = 2 .o r{; temp. = 50°C. 

at 

o. 5o r-1 

lf2.0 

?5.0 

11.0 

at 

0. 50 t".. 

10.5 

14.2 
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Under the present experime.ntel cor:.c1i ti ::;:ns 9 the 

r~te law could be expressed ~s: 

(a) For Sulfite 9 bisulfite and dithionite ionG 

Rate d/Fe{CN)~- I 
dt 

= kobs / Substrate/ / Fe{CN)~- / I OH- / 

. . . . . . . . . (1) • 

(b) For thiosulfate and thiocyanate ions 

- d/Fe ( C}r) ~- I 
Rate =- C1t = kobs / Substrate/ / Fe(CN)~- / 

• e • • • • • • • (2) • 

The pseudo first order rate constant 9 k bQ' w~s datermined 0 ., 

by keeping the concentrations of two out of the three reactanto 

(substr~te, oxid~nt and alkuli) constant 9 ~nd was calculated 

fron the equation (80): 

,, ' 
' ' 

; 

2.303 
t log • • • • • • 0 • • 

where D was the initial optical density of the reaction 
0 

nixt~rre, and Dt was the optical density at time, t ( vide 

'Experimental' : Calculations). 

Effect of tampeEature 

(3) 

The rates of the reactions were influenced by 

changes in te2perature (Table 8). Plots of log kobs against 



the reciprocal of te~perature were line~r (Figs. 1 - 5 )~ 

sugg3sting the validity of the Arrhenius equation. The slopes 

of tile plots were used to calculate the ectivation energies 

of the reactions (vide 'Experiewntal' : Celculations). The 

other activation parnmeters have been ev&luated end are 

shown in Table 9. 

Table 8 : Effect of tsoperature 

Substrates 10
4xkobs' s-1 , at teoperat~es (~ 0.1°C) 

30.0 35.0 40.0 45.0 50.0 

Sulfite 6.1 8.3 11.0 14.8 20.3 

Bisulfite 7.9 10.8 16.0 19.6 -· 
Dithionite 1.4 2.2 4.5 7.0 10.2 

Tl1i o sulfate 0.6 i.i 2.2 4.4 9.0 

*Thiocyanate 14.2 
a 17.0b 20.0c 23.0d 26.58 

fA· = o.o5 M. 

I Sulfite I = I Dithionite I = 0.01 M; I Bisulfite I = 7.5xio-3K; 

I Thiosulfate I = 0.1 M. 

* I Thiocyanate I= 2.0 M; I NaOS' I = 0.5 M; I K3Fe(CN) 6 I 

= 1 X io-3 M:; r = 0.05 If; a50°C~ b55°C; c6o0 c, d65°C, 

8 70°C. 
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Substr at o ~ 

SODIUM THIOCYANATE -· ~ 

3.0 3.2 

10 3/l .., 
Plot of log kobs against tho 

raciprocal of temperature· 

(Substrata SODIUM THI.Q_~-Ji~ATE) 
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Table 9 : Activ~tion Paraoeters 

A 
Substrates (kJ 801-1) (s-1) 

Sulfite 47+2 
L,~ 

7 • ):K10-

Bisulfite 46+2 7.0x1o4 

Dit.hionite 90,t5 4.7x1o11 

Thiosulfate i07z..4 1.7x10 14 

28+2 4 
·Thiocyanate 6.3x10 -

"Effect of ionic strength. 

Anr . 
-1) (kJ ool 

44+2 

43+2 

87:::_5 

104+4 

25+2 

L.2,S'f 

( J K- 1 m ol-1 ) 

-160,t5 

-1.60+5 

- 30+2 

- 19+2 

-180.:t.5 

The vari~tion of ionic strength by using 

KCl(fL= 0.05 M to 0.50 M)~ did not have any effect on the 

rates of the reactionso 

' 

Effect of added K4Fe(CN) 6 

The additi0n of K4Fe(CN) 6 in tha concentration 
-4· -3 

range~ 1.0xio M to 1.0x10 M~ did not have any influence on 

the rates of the reactions. 

Radical inteimediates 

(a) From the oxidation of sulfit-9 ion 

The kinetics ~1ere perforrJ.ed in a 10 81 oixture of 

2-p£opanol: water (1:1). After cowpletion of a kinetic run, 
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as evidencad by the disappearance of the yellow colour due to 
3-

Fe(CN)6 , 2mL of 50% aqueous NaOH and 2 ml of 1~~ 4-hydroxy-

3-Cletho}>..rybenzaldellyCl.e in methe.;J.ol were adC.ed. Tl.1e resulting 

solution was diluted "VJith -,mte:r (approxime.tely 5 nl) 1 and 

heated to 60°C in a weter bath. A yellow colouretion was 

obtained~ indicating that 2-propanol had been oxidized to 

2-propanone. Solutions containing no reactants an6 only so3 

were used c.s blanks. The ree.ct~-::.>n betl:Jeen 2-propanol and 

hexacyanoferrate (III) did not proceed. This oviC.encG stron.::sly 

suggested the.t e. rudic<:'.l c.oche.nisw. "VJas it'lportant in the 

reaction of sulfite ions and hexscyanoferrate(III). 

The free radical vias not observed using ESR 

(E-4~ Varian). It was possible that the radical was present 

in very low concantr·ations ~ and l1ence coulC. not be detected, 

under the present experiDental coDditions. 

The presence of a radical species ( so;)in 

reactions involving the exidation of sulfite ions, and the 

inhibitive action of a.lco~-:~ols on such oxidation reactions~ 

h2.8 been suggested in an eE"rli :;r investige.tion (81). 

(b) From the oxidution of dithionite ion 

The structuro of sodi~ dithionite (82) was 

n~rked by an unusually lone sulfur-sulfur bond 9 suggesting 

the.t so; radicals night ree.dily be formed fran dithionite. 

The oxidation reaction of dithio.nite ill.ay t~ell be expln.inod by 



assuuing that the rather unstable ion splits according to tho 

equation 

\ 

to forn two r~dical ions. These nay then undergo further 

oxidation. A free radical in low concentrations in ooist 

dithionite {83,84), and in deaerated aqueous solutions (85) 

was detected. Upon the basis of the work done by several 

investigators (82,83,86)~ it w2s reasonable to expect that 

the dit~ionite anion (s
2
o4

2- ) in aqueous solution was in 

eqpilibriL~ With paraoagnetic so; radical ions. The presence 

of the so; radical ion has been confirmed by ESR spectroscopy 

(87~88). In the present investigation~ ESR spectroscopy g&vo 

a single broad line with a hyperfine splitting constant of 

14.0 g~uss, and a value of gav = 2.0060 ~ G.0004. Thus, the 

dithionite ion aissoci~tes reverSibly in aqueous solution, 

2- ~ s2o4 ~- 2 S02 ~ which is supported by the value of t!:1e 

isotropic hyperfine coupling constant (14.0 gauss)~ showing 

tlle..t tile electron is in e. yr:orbital associated l'lith only one 

sulfur a too. 

Tho reduction reections of biochesice..l species by 

dithionite ions had S\.101rm t:1at the dooinant reductant wc:.s th~ 
.. so2 radical (89-96). 
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(c) Fron the oxidation of thiocyanate ion 

The exi·l3tence of tho ion-radical (SCN) 2 • , as an 
,. 

intermediate in tlje reactions .Ji thiocye.nate ions has been 
I 
I 

established (56,7_5,74,77,97)o Sit11ple electron transfer froo 
~ 
r 

SCN- to tha oxid~nt to giv·3 a SeN• radical ~ias not favoured 

theroodynamicallt (98P99). An 8a~lier investigation (73) had 

f -established tha:\7:.electron transfer froB SCN to Fe (III) p~en3 
to give a SeN• r~dical was ther~odynaoically unfavourable, 

I 
since the radicat~ SeN• 1 t--TaS e. very high-ener·gy species. 

Unf~vourable energy requironents were suggested to account 
·, 

for the cowplicated mecl1nnism in the oxidation of I- and eN­

ions by Fe(H2o)i+(refs. 100~101) ·and Fe(CN}~-(ref. 102). 

Instead 1 radical ions such ~s r 2 • and (CN)2 were thou~1t to 

be involved (103). 

Mechaniso 

(a) Oxidation of sulfite ion 

The redox potentials (98) for the couples 

so3
2- I s2o~- and Fe(CN}~- I Fe(CN)~- were 

thermodynamically fav•ourablo for electron transfer bet\'Jaen 

the substrate and oxidant. Ox.ic::'_ntio:n reactions by hex~-

cyanoferrate (III) oostly involve outer-sphere electron 

changel' and the formation of radical intermediates hE:.s been 

well- doctiDented (104- 106). 



In the present investigation~ the reaction 

between the sulfite ion and hexacyanJfarrate (III) was observed 

to depend on the first pov1ers of tllG concentrations of 

substrate, oxidant and al~wli (Tables 1, 6) • Eviden~e he.s been 

presented to suggest that n radical intermediate was formed 

in the slow step of the reaction. This radical intermediate 

was characterized (vide 'Radical intermediates •). TL1.e :prasence 

Of SO} radical in reactiOiUD ir:volving the OXidation Of SO~- ion~ 

and the iru1ibitive action of alcohols on such reacti0ns has 

been suggested (81). 

There was no spectral evidence for the presence 

of any complex for~ation between sulftte ion ~nd hexacyano-

ferrate (III). Repeated e:.nd con-tinuous scanning of the reactL:m 

solutions (froo 250 nm to 650 OG)~ even with higher initial con-

centra::rtions of the reactants~ did not a.how any peak or 

suoulder other than those corresponding to the reactants nnd 

the products. When the experioant was conducted in tho 

presence of 14cN- , there WD.S no labelled cyano-ligc.nd in the 

Fe(CN)~- productp ensuring the absence of cyano exchange. 

Thus~ the fornation of an intormediate eomplex between the 

sulfite ion and bexacyanofGrrate (III)~ in the present 

investigationp seems highly unlikely. Furthoroore~ the 

formation of an intermediate complex between the substrate 

and oxidant would be facilitated by the presence of a sulfite 
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ligand of very low Lewis busicity (107)p which would be 

able to substitute, or attc.ch itself to, a cyano-lige.:nd in a 

non-labi·le lmY'-Spin d5 -octahedral cooplexp Fe (CN)~-. I,n all 

probability, this would inherently be forbidden. Finally, the 

experioental observation the.t t~1e rate of the reaction was 

first order in substrate 2.nd o::~idant rulos out the possibility 

of the ree.ction proceeding through an interneuie.te co::1ple::ic 

furoe.tion. T.he rate of the reaction v:as U!H).ffectod. by 

ve.riations in the ionic strength of the oediuo an~ by chnngec 

in the concentration of added K4Fe(CN) 6. The absence of complex 

forgation rules out the possibility of an inner sphere 

put~way~ ao suggested e~rlier (108). 

The first order dependence of tho r~te of tho 

reaction on the concentrations of both~ substre.te and 

oxidant~ suggested that the o.ecL1c.niG:J of ti1e 01\:iclatio:n process 

wc:.s via an outer sphere process o '1':1is involvoc1 t~1o direct 

reaction of sulfite ion &Ld he~acyanoferrc:.te (III) to give e. 

re.dical species, 'VI~1ich t.m(bl'wont r~:pid diDerization tc yield 

dith.ione..te c-.s the product. This product •Jias isolc-.tsd and 

che;ractterized (vide 'Expe:t.·ioL::n--::.e.l': Product c:.nalysis) o 

The nechanistic pathway cc:.n bo represented ~s 

follo·ws: 

so;- + Fe(CN~~-

2 so • 
3 

slow) so • 
3 + Fe(CN)~-



(b) Oxidation of Thiosulfcte 

Tba redox potentials (98) for the couples 

szo3- I s4o~- and Fe(CJ:J)~- I Fe(CN)~- were tl1ermod.ynnrJ.ically 

f~vourable for electron tr~nsfer between tniosulfQte and 
2-

l1exc:.cynnoferrate (III). Hence~ tho reaction botvJoe:n s2o3 io:c 

z~nd Fe(C}r)~- st1ould procee~ by 2.. direct interaction betvroen 

Cooplex.es of Cu (II)~ Co (III)~ Au (III)~ Cr (IV) 

e2.nd Fe (III) have been used for the oxic12.tion of thiosulfe.te 

ion (27-35). Kinetics and other eviaences suegested that in 

all these oxid2.tion reactiJns, precursor oetal-thiosulfato 

cooplexe3 (where the oetal has lost one foroal oxidation state~ 

and. thiosulfate L1as ge.im:K: :Jne) v!ere forced in an equilibriui:l 

step preceding the electron trr:.nsfer. 

Hmvever, all attGmpts at characterizing any 

interoediate coBplex betwoen the thiosulf&te ion and hexecyeno-

ferrate (III) by repeated and continuous scanning of t~e 

reaction nixtures (from 250 nm to 650 r~)~ even with hicher 

initial concentrations of the reactants~ were unsuccessful. 

There wes no peai1: or shoulder otl1er than those corre.spondinz 

to the reactants end the product0. 11/hen the e:tcp::;nri~1ent tv£:.8 

carri8d out in the presence of 14c1.C ~ there v,res no lab8ll8C 

cya:no-ligand in the Fe(CN)~- product~ establishing tho abscmcc 

of any cyano ezchenge. Hence~ the foroation of an interuedi~te 



involving the t_1'3Jsulfe.te ion e..nd i.1eJ!:e.cyc..noferrate (III) ~ in 

the pr 3S:mt systeo, seened hicshly imlikely. !~ore over, e.ny 

direct intere.ction between the t11iosulfc.te ion and hexa.cyano-

ferrate (III) to foro. en interuedie>.te co:::1plex. neceooite.tes 

a thiosulfate-ligand of very lvw Lawis be.sicity (107) to 

substitute, or attach itself to, a cycno-lig:-.n& in a non­

labile low-spin octahedr2..l cooplex, Fe(CN)~- • In all 

probability, this would inherently be forbidden. 

In the present investigation, the ree.ction bet~een 

tile t:1iosulfate ion and hexacyc-.noferrate (III) we.s observe(~ 

to be dependent on the first powers of t2e concentratioLs 

of the substrate and oxidant (Table~). The rate of the 

reaction wes insensitive to varia~ions in the ionic strength 

end to added Fe(CN)~- ions. These experioental observati:)ns 

rule out the possibility Jf the rencti~n proceeding tlJrou~h 

an interoediate cooplex forcation. 

The addition of radical inhibitors such ns 

oennitol and acrylonitrile, had no effect on the observed 

rate of the ree.ction~ suggesting thet t~1a involvewent of 

free radicels in the rate dater~ining step of the reaction 

wcs unlikely. 

Since Fe(CN)~- required one electrvn to be red~ced 

to Fe(~J)~- , the reection between t~e thiosulfate ion end 

hexacyenoferrete (III) would occur by a one-equivalent 
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electron tr.ansfer 9 giving rise to a singly C3arged anion 

( s2o3 )1 thus : 

s2o;- + Fe(CN)~- . . . . . . (1) 

This one-electron change involying Fe(CN)~- and thiosulfato 

(Eq. i) could take place only >'Ji t:1. a high activ~tion enthe.l~?Y ~ 

becc:.use an unstable s2o; species was foraeG. The L:>.I.-Il value 

-1 ( ) obtained W&D 104+4 kJ mol Teble 9 . 

The solvent isotope effect was neasured by preparinG 

identically; buffered reaction nixtures in water c..nd in 95'7~ D2o. 

The ratio of ~- 0 I KD 0 observed was 1.45. An esti~ation of 
;:12 2 

the solvent isotope affect on the ree:.cticm bet~'leen the 

thiosulfe.te ion E..nd hexc.cyanoferrc:.te (III) vias oade earlier (39) . 

2- -If t~'le reacte..nts were s2o3 
and s

2
o

3 
, t:'len on the basis of 

a !(nowledge of t~1.e 6pK valuos for the relevan.t acids in 

going froo H20 to D2o~ tho relevant activities 

of t~e various ions in th3se solvents ( H20 and n2o ) could be 

calculated. ThooroticallYF thic predicted a value of 

Rg 0 I kD 0 = 1.50. This would support the formation of the 
2 2 s2o3 species in tbe rate deter~ining step of the reecti~n 

(Eq. 1). 

In the present investigation~ the direct reacticn 

betwoon. the thiosulfate ion and hexacyunoferre.to (III) g;::~ve 

rise to s2o3 and Fe(CN)~- ions. The rapid dimerization of 

s2o; would yield the product~ tetrathionate ions (s4o~- ). 
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Indeed, t~e r~pid di3erization of s2o3 to yield s4o~- was 

postulated in severul oxidation ree.ctLJnS involving the 

thiosulfate i·:JUS (30 ,31) • 

( 2- ) . The product, tetrathionate s4o6 ~ons, wes 

"i·solated and c~1aracterized ( vide 'Experio~mtal' : Product 

analysis). 

Tt1e Dec:1anis:a of oxic1£:tL.m of thiosulf~te ions by 

hexacyanoferrc..ta (III) cc.r.. be represented as follmvs: 

. Sl:-Otl ~ - ( )4-- - 7 s2o
3 

+ Fe CN 6 

---~) s4o~-

(c) Oxid~tion of Dithionite 

The structure of t~'le d.i t~1ionite ion vlE.S c::mfiruecl 

by crystallagrap:1ic studies (82). The S-(: bond in dithionito 
0 

(2.389 A) was ouch l·.Jnger than t!1e S-S bonds in disulfides 

or p.Jlysulfides (2.0 X to 2.15 j ). This lone b~nd in 

di thioni te (2 .389 Ji ) toBetller '9{i tb the unusuc..l shape of 

the oolecule 'toli tb. eclipsed- so2 groups, was due to each 

sulfur atoo forcing t'{,'IO pd hybrid orbitals, on'3 of whicL'l Wc.s 

usad to bond to the other atom. Tha weair. bondin~ wao corwistGnt 

with the strong reducing propa~ties and with t2G rapid exch~TIG3 

2-betWeen s2o4 and labeled *So2 • The long sulfur-sulfur bond 

would enable t~e facile foroation of so; redic~ls, 
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-
s o2

- ·-=== .. ~.' 2 so2 • , 
2 4 " 

which would then undergo further oxidLtion. 

In t~w present investigc:.tion, the rate of t~1e reo.cti J:l 

'{!/as first. order in both p Fe ( CJ:>,J) ~- c..ncl. s2o~- ( Te..ole 3 ) . T~:is 

wou.lcl. suggest t~1at t21e for;.:.1ule.t9d fission 

(1) 

does really occur. The presence of the so2- rac1ice..l 1r1as ot(o·wn. 

by ESR spectroscopy as a singlo broad line with a hyperfine 

splitting constant of 14.0 gause, and a ve..lue of 

Bav = 2.0060 :t. 0.0004 (vi(:~3 '.l.::cl.ical inten:.nC:.ic:.tes'). The so; 

rc:,cl.icsl wc:,s s..:J.,J'VJJn to be a strcng-3r reducing e.gent t~1an 

s2o4
2- (109) ~ n:nd 1r1es convincingly io.pliccted ao t:.1e reductc;.r.;t 

of vc..rious biological oaterialG (89-96). 

It bas been s~lo'V'Jn (vicle 

2-uole of s2o4 co~s~ed two moles 

;_:;otentials (98 ) for tLJe 

'St ::Jic~liooetry') 

of Fe(CN)~-. The 

2- I 2-couples s2o4 so
3 

and 

redox 

Fe(CN)~- I Fe(CN)~- 'VJere therw.odyne.~1ic&lly fE.vour<:\)le for 

electron transfer between dit~ionite c..nd hexecynnofarrate(III) 9 

in the overall re~ction process. 

The product~ sulfite (SO~- ) ion~ w~s c~aracterizoc 

(vide 'Product analysio' ). 

The oechaniSD of oxid&tion of c1i thioni te ion by 



hexacyanoferrate (III) can be reprGsented [\S follows: 

s 0 2-
'T 

2 so2 2 4 ~ 
... 

2Fe(CN)~ so~-+ 2Fe(CN)~-• 
OH- --72 2 so2 + + 4 + H 20 . 

(d) Oxid~tion of Thiocyan~ta 

In the present investigation, the rate of t~1e· 

rec-.ction '!Jlc.S observad to be clnpenclent on thG :first po~1ers of 

t~J.e concentrations of the substrate &.nd oxidant (Te.blG 5 ) • 

· Varie.tions in ti.1e ionic str0nc;t~1 of t~1e rnediur.1, as e.lso c~1c:.ne;os 

in tL1e concentration of added Fe ( CN) ~- ions 9 did not ~1e.ve E.ny 

effect on the r8.te of the reaction. These data woulG suggest 

~n outer s~here electron transfer process. 

The preoence of the ion radice.l ~ {SCN) ~ , \'las 

observed~ in e.ccordance 'i'lith. earlier r_oports vlhe:rein t~18 
-0 

foro~tio:n of t~1e ion rc,.dical, (SC:N) 2 , ho.d b9en est.!:'.blished 

The Qeche.nisQ of.t~e reaction can be represGnted 

as: 

. F8(CN)~-+ 2 SCN- ) Fe(C:N)~- + (SCN); 

Fe(CN)~- + {SCN); ) Fe(CN)~- + (SCN) 2 

Thiocyanogen, (SCN) 2 , cun dec82pose in aqueous 

o.ediw-:t.P tL1US: 

3 ( ..... GN) J. 0 :) c T- s 2- 5 - + 
i:) 2 + ";1: H 2 •• :t'·J + 0 4 + SCN + 8H • 
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The oxide.tion of thiocyunate ion by hexncye..n:::>-

ferrate (III) produced thiocyanogen, (SCN)n• ~be redox 
~ 

potentiels (98) for the eouples)2 SCN- I (SCN) 2 end 

Fe(CN)~- I Fe(CN)~)were theroodynnaically favourable for 

electron transfer between thiocyanute nnd hexacynnoferr~te(III). 

An e~rlier investigation had establis~ed that thiocyanogen 

'fi'Tc:~s tile ~reduct of thiocye.nate oxide.tion (58) • 

In the present inves-~igation, the proc1ucts forc:;.Gd 

were tlw sulfate ions and the cyanide ions, ~<Jhich !1nve been 

characterized (vide 'Experi~entul' ~ Product anG\lysis). It 

t . . 2- ~ -
w~o r-) surpr~s1ng that so4 anc1 CN 1rlere t11e oxido.tion 

products~ since t~iocyanogen, (SCN) 2 , wno known to dacoopose 

ree.dily in aqueous oadium (110). 
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KINETICS OF OXIDATION OF SU1E ORGAl~IC 
SULFUR ca~OUNDS. 

Aliphatic and aromatic thiols have been oxidized 

by a variety of reagents to .disulfides and to higher 

oxidation producta 9 depending on the specific reaction 

conditions. 

~UERWO~ 

Aliphatic and aroQatic taiols were convertGd to 

disulfides in aqueous or alcoholic peroxide solutions in botb~ 

acidic and alkaline oedia (1.2) •. Higher molecular weight 

thiols, in the foro of their copper salts, were oxidizad by 

peroxides (J). In the presence of aliphatic arnines, peroxidec 

were used for the oxidation of thiols in hydrocarbon solvents(4). 

The oxidation of thiols by hydrogen peroxide, alkyl hydro­

peroxides and peroxy acids gave the disulfide (5). Nickel 

peroxide has been found to be an efficient reagent for the 

oxidation of thiols (6). 

Considerable attention has been focused on systeos 

o! biologicel interest, and electrocheeical techniques have 

been used for the quantitative analysis of thiol and disulfiQe 

groups in orgenic compounds (7-16). The electrochenical 
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oxidation of cysteine, as well as other thiols 9 occurred by 

a one-electron proceso giving cysti~e 9 which on further 

oxidation gave cysteic acid (17-20). 

The oxidation of tbiols by halogens yielded productc 

which were dependent upon the halogen and the reaction ::JGc"':.iUQ. 

In aqueous solvents, chlorine 8.nd bronine reacted "llti ti.1. thiilils 

to give sulfonyl bali des or sulfonic e:.cic1s (21-23) .• Un.d9r 

a:r.U.1.ydrous conditions~ cl:.lorine and broDi:ne re~ct with tb.iola 

to give disulfides (24). 

Sulfenyl' .. halides ':>Jere su_sceptible- to nucleoPhii::.lic 

a t.tack (21 , 23, . 25) , as for examplE? 

RSX + Nw."ti ---.)-l-- RS Nu + BX 

. . 

(1) 

Excess thiol reacted with these sulfenyl halides to give the 

disulfide, thus: 

H.SX + RSH ---)~ RSSR + HX 

Chloramine - T has been used for the oxidation of 

thiols (26). 

Thiols have been oxidized by dimet!.?.yl sulfoxide to 

the corresponding disulfides id high yields (27-30)o A correla-

tion vras sug(;ested between the and the activation energy(29). 

When an optically active t~iol was oxidized by an excess of 

sulfoxide, optically active sulfoxides were recovered (31). 
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T~1iosulfoniur.a ions have b:::en suggested as interueclic.teo i:n 

t:w oxic1ation of thi®ls by clLiGthyl sulfoxiC..e (32) • 

~he raacti~n of thiolG with diethyl azodicarboxyle~3 

gave t~1e disulfides (33) ~ Tl1aoe reactions were cE.te..lyzoc: by 

triphenylphosphine,and involved the intermadi~te foru~tion 

of radicals or radicel ions (34). 

Radical anion interr.1alliates ware detected, by esr 

spectroscopyt in tha oxidction of thiols to tisulficeo by 

ni trobenzana E:.nd ni trosobenZ0l!9 (35 ,36) • The oxioetion of 

thiols by iodosobenzene in refllli~ing dioxnn, gave the disulfid~o 

in good yialds (37)• 

Metal ions such as ce4+t co3+, v5+ and cr6+ ions 

in acid solution have been use~ for tile oxidation of thiols 

to disulfides ()8-40), ~he presence ot t~iyl radic~ls has 

beon confiroed in the oxidation of several tniole (41). T~G 

oxidutiou of thioglycolic acid, cysteine ~nd glutathione by 

Mo5+ and Mo6+ ions, showed th3 iwportance of the nature un~ 

stability o! the conpleX3S bot~1een r:1etal ions 2:.nU. thiols {li2) . 

l{n?+ ions nus boen usod for the oxidation of pyriwidine 

thiols (43). Leed ietr~acetate has beon used to convert 

thiols to disultides (44-47). 

The oxidatio~ of tbiols to clisulfides by nanganic 

acetylacetonata did not reveel t'i.le presence of taiyl re..C:.icalc. ( 48). 

Cupric cowplexes in non-pol~r oeiia (49), iron cluste£ 

co~plexes (50), and Co(II) co~plexes (51) ~uve been ~S8d fJr 

the oxidation of t.hiols t'J diculfi~3G. 
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Hated oxides ( Cro3 ~ Mno2 9 Fe
2
o

3
, Co2o

3 
~ Cuff,~ , 

Pb02 ) have baen used to oxidize thiols to disulfides~ ~t 

low temperatures in xylene or chloroform solution (47~52~53). 

vlhen these reactions were perforr2od in the presence of an 

alkene 9 tho formation of largo aoounts of thiol addition 

products suggested the interw.c·:liate foro.ation of thiyl 

Thiols undergo faci!a oxidation When exposed to airo 

The oxidation of thioln catalyzed by strong baSGS (54) ~nd 

the effect of solvent (55-57) on these oxidations has been 

reportad. The anine-catalyzed o:zide.tion of tbiols bas bee:n 

investigated (58-59). The effect of the addition of heavy 

netal ions to be.sic aqueous solutions of thiols (60-64), ao 

a.lso t~1e effect of ligando on tl1e rates of oxid~tion of thioi~ 

h~ve been studied (64~65). It wes suggested that the wetal-

c~talyzed oxidation of thiols in alkaline ~Gdia was based 

on an electron-transfer froo the wetal in its higher 

oxidation state~ to tile thiol 9 vie en inner sphere process. 

Outer sphere processes were s~.:ggested l'.Then stro:rJ.g cor:1plexing 

agents prevonted the entry of the t~iol into the coordinatioJ 

sp~erG of the oetal (66). For ex~wple 1 in the case of cyanide 

cowplexes 9 it was assumeu that the oxidation of thiols 

occurred by an outer sphere process, involving the interoediacy 

of thiyl radicals (66). 
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In t~e absence of o~rygen 9 flevine derivetiveo 

~nve been uGad to convert t~iols to disulfidc~67,68). 

In basic oeGia9 ~ydroquinone (69) e.nd p-phonylene­

die.oine derivatives (70~71) have been used to catalyze th9 

a.utooxidation of thiols tu C:..i:J:..'..lfides. T~1c uuto-o:1:ide.tiun of 

t~iols to Cisulfides has ~aen ~aportGd (72). 

The rate of cooxidr.ti :,n of t~'1i.Jls (when en alke.n9 

or an acetylene ltas oxidized to<?;ether ~vitl1 the thiol) ¢las 

dependent on both.v tile alkene e.nc1 the t~1.iol.v -~'lith the a:~ot::.ati0 

derivatives reacting fe.stor t~an the eliphatic oolcculss 

(73-75). Ti1e cooxic!.c;.tiun of thiols with 1 ,3-butediene vms 

st<..lC..ied in the presence of t-butyla;:J.ine (76), wherein it ·:,n~o 

observed that the reaction pe.th-::ray (1 ,2-add.i tion versus 

1~4-addition to the CJnjuge.teQ dienes) was dependent on the 

structure of the diene (76-78). 

Thiols undergo a f~cile phJtolytic reaction to 

yield the disulfides (79). Th~ prioary photolytic proceos by 

irraC.iation at 2500 lt for ::1et~1anethiolG and etllc..nethiols '!tJao 

t2e hooolysis of the S-E bonQ to give thiyl redic~lo ~nd a 

llyclrogen aton (80). The t1.1iyl radicals ~Jere detected by 

flash photolysis (81), as also by uv and esr techniques(82-85). 

Radical catiGnS react wi tl:l. tl1iols to givo ~..usulficJ.os 9 

'l-'li t~1 tlw intermediate foroation of thiyl radicals (86). 

T~e reactions of thiols with dinitrog3n tetroxido!87)9 
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Ge:J..ar...inic nci::l_ (88) ~ oalenite (89) <::..::_cl Jit: :1y:.:CJ,:iCe 

Ln: (9C) _1c.VO C38:1 JC3_J0rtocl. ':k.'~13 oxiG.ati JJ.."_ u:f t::..ciol ::.cic'..G 

by };:Ote.S:JilLJ ~:;3r uxyc1ic:.tl:;:c:.t 3 ( 91) ~ c:::~d -:Jy 2, 6-diC~1l.J!'O'Q~18~'":0l­

indo_;;;:lencl in ac3tcme--vJe,t3r na~in ~':lave oeen reportad (92). 

Iron (III) co.J.,;lm::3s ~1e..ve "been used to O}ri.::..iz.e 

t_1iolo to 2.ioulficbs (93). It vJc.s S:lt;c?;ested t .. 1at -::__:,e l.-:.isulfL:.'J 

~~as for,.J.ed as a r::J;:hllt of t:1e diuerize.tLJY_ of thiyl ruC!.ice.lD (49). 

Pote.s:Jil.:c. ~18XE.cye.n-.Jf8r:re.te (III) ~1e..o ":J J3n ),_Sad :i.'or t:J.3 

uzic1c-.t~.Jr_ -.Jf "thiols to c1iSvllfic'.3S ~ ir~ aL{:c:.line c:.r_c1 e.ciC. 
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PRESENT UOB.K 

fi'L1e present v:Jori';. is 2. c1etailsd kinetic investie;c.tion 

of the o:xicle:.tio:n of ooae :r ger1ic sulfur c;:;I::J.pounds (t~'lionalic 

eo.cid.l' thioglycolic acicl c.r~.:l thiopL!.enol) by pot§.SSiur:l L'lexe..-

cyanoferratG (III) .l' in aciC.ic :23C~_iur.:.~ at co:D.stant ionic 

Stoic~·:l.iooetry (vide 'E:::ir:;>eriw.ente-1'): 

(a) T~io~e:.lic acid 

(b) T~~oglycolic acid 

2C2:a
3
o

2
s:ct + 2Fe(CN)~--7 (C:t-I

3
o2) 2 s2+2Fe(GN)~-+ 2'.-I+ 

(c) Ti1iophenol 

2~SI5SH + 2Fe(CN)~-~ (C6TI5) 2 5 2+ 2Fe(CN)~-+ 2H+ 

Effect of substrete and oxidant 

The reteo of the reactions wers oboarv~d to be 

clependent or~ the first pm1e:rcs of tbe concentrations :;f b;:;t!1~ 



225 

Table 1 : Effect of s:.l~)otrz.te c:~ncl o:xiJ.c.nt 

/ Thioglycolic acid I 

( 102 
:K l':~ ) 

1.0 

5.0 
10.0 

25.0 
50.0 

10.0 

iO.O 

10.0 

15.0 

15.0 

15.0 

15.0 

15.0 

2.5 
7.5 

10.0 

105.X kobB 

( 8-1 ) 

18.2 

36.8 
l .. 2 

Table 2: Effect uf suootrat·J .?.nd oxic.J.ant 

ITL1ior:.1alic aciO.I 

(103 
X H) 

7.5 
10.0 

25.0 

75.0 

100.0 

10.0 

10.0 

10.0 

I K3Fe(CN) 6 I 

(103 X f1) 

1.0 

1.0 

1 .. 0 

1.0 

1a0 

0.75 
o.5o 
0.10 

I HCl I = 0.1 M ; ~ = o.o5 lYl; te:21p. 35°C 

10 X Ic ba 0 ~ 

( s-1 ) 

14oi 

19.2 

46oO 
140.0 

192.0 

19 .. 0 
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Table). Effect of substrate and oxidant 

IThiophenoll I K3Fe(CN) 6 I 

(103 
X £4) (103x M) 

7 .. 5 1.0 

10.0 1.0 

25.0 1..0 

)0 .. 0 1.0 

iOOoO 1.0 

10.0 0 .. 75 

10.0 0.50 

10.0 0.10 

I HCl / = Oa1 M; aq. Qethanol = 8~/o (vlv); 

iO;x k 
obs 

( -1 s ) 

10.0 

13.7 

54.0 

69o0 

135oO 

13.8 

13.5 

13.8 

Plots of k
0

b81 the pseudo first order rate constantp ug~inot 

a 15-fold or a 50-fold range of concentration of substrat·as, 

gave straight lines passing through the origin 9 indiceting 

tl'lat the rate of oxidation l'Jns dependent on the first power 

of the concentrations of the substrates. This was furthor 

coustant. 

Wrten a constant concentration of substrate(laree 

excess) TrJas used 9 k b did not sho~tJ any E:.ppreci8.ble variation 
0 s 

with changing concentrations of oxidant (10-fold rang8)~ 
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indicating a first order dependence of the roection on the 

concentration of the oxid~nt. 

Effect of acid 

T~e ratG of the reection w~s observed tc be 

dependent on tha first po11er .xC t21o concentration vf aciC., 

in tho case of thioglycolic aci::'. and thioptt~3l:1')1 {Tab leo L.:.:-5) p 

but showod an inverse dopondonco on th3 concentration of tho 

aciG., in the case of t~1iouz...lic e.cid (Table 6 ) • 

Table 4. Effect of acid 

I HCl I 105 X k b~ 0 .:') 
(s-l) 

(14) ( Thioglycolic acid) 

Oo025 1.8 

o.o5 3.7 
o.io 7.2 
0.25 18.0 

0.50 37.0 
0.75 55.0 
1.00 75.0 

I Thioglycolic acid I= Oo10 M; I K
3

Fe(CN) 6 I= 1.5x1o-3 H; 

(4·= o.o5 M; teop~ J5°C. 
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Table 5. Rffect of e.cicl 

I HCl I 

(r4) 

0.025 

o.o5 
0.10 

0.25 

o.,5o 
0.75 
1.00 

105 x k ( s-1 
) at 35°C obs 

( Thiophenol ) 

3.5 
7.0 

13~7 

34.0 

69.0 
103 .o 
140 .. 0 

I Thiophenol I = 0.01 M; I K3Fe(CN) 6 I = 1 x 10-3 M; 

f·"'= 5 x 1o-4
I,1; teop. = 35°C ; e.q.;;:1ot:"1£'.nol = 80%(vlv). 

I J..!r<l ---'-' 

(M) 

0.075 
o.1o 
0.25 
0.50 

1.00 

Table 6 : Effect cf acid 

I 10 ( ~-1) x kobs ~ 
( Thiooalic acid ) 

20.0 

19.2 

12.8 

8.8 

4.0 

I Tl'lionalic c:.cid I = 0. 01 I-I; / K
3

Fe ( CN) 6 I = 1xi0-3H; 

/{.= o.o5 !1; teop- 35°C. 
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ee.rlier inv3stic;;atLmc suc:2 2.s t:-.!.3 oxic]e,tion of quin::;l by 

ferric ions (99), t~a cobalt (III) oxid~tians of for~al-

da~1yde (100), tartiary alc:)hols (101), aro::mtic alcle.hydes (102) ~ 

benzena (103), hydrazoic acid (104-106), the f.:n (III) oxide.tiun 

of quinol (107) , c.nG. in t:w m-1:iclation of cysteine and 

related thiols by hexecyenofarrate (III) ions (108-109). 

I a tb.e pres ant invaoti . ..::;atio:n, t:'le inverse relationshi-;;:> 

betwaen t~J.e rc:.ta of t~"..e rez~ction e.ncl t:2.e concentration of t!J.3 

acid, in the case of thiooalic acid, can be explained if the 

clis::wcie.tion step of the sulfl1ydryl group in the ti1iol 

:wolecule were to 'b3 te.I::.:en into considere-.tion. This, ~1vl!Tevor, 

ep;e~rs trrllikely, in the acidic oediuo under co~sicor~tion. 

In feet, it is Qi:fficult to state ~·lit:'!. any certc:in:ty the 

extent of involve8rent of protono vis-a-vis Fo{CN)~- and 

Fe ( Q-J) ~- ions. Ferri cyanic acid is e otrong e.cid, but 

ferrocyanic acid is strong only for the first two protons. 

The protonati~n of Fe(CN)~- would result in s'ecies such an 

IY:Fe(CN)~-, Tt!hilo the protonati,:)n of Fe(CN}~- woulc1 give 

species sucL1 e.s HFe(CN)~- emd T~l 2Fe(CN)~-, Ti.1ese Y{:incls of 

protonate:d species have been sh.:J"wn to :Je for.::,eG. in e.ci\J.ic 

oecciet (110) • 
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Nature of tile oxic1~nt spectos 

The oxide..tive power of hmracyanofe:rrate (III) 

depGnG.s very largely upon its state in solution. J..t lm'ler 

acic1ities of HCl (0.01 14 to 0.10 I~), t~1a reactive oxidant 

species was Fe(CN)~-. At aciCLitiGS hie;~1er t~1.an 0.1 I1 :riCl, 

there is the possibility ox tl1a protonation of Fe(CN)~­

to eive EFe(CN)~- as the reactive oxidant species. 

io.t lower acidities of. BCl (0. 01 l1 to 0 .10 l:i) , t;.1e 

absorption uaxiom::t of L1.exacyctnoferre.te (III) did not stw\"T 

any spectral shift froD 420 no, indicating thet Fe(CN)~- was 

r-ot protonated, and ilencs the reactive oxidant species was 
··. 3-
Fe(CN)6 • 

At acidities hi&her t:1an 0.10 M ~-:iCl. tl~e absorptio:1 

oe:J!:ir:run of ~1exacyanof-3rrate (III) shovTed a spectral si.lift 

froo 420 no to 435 no, indicating that_ Fe(CN)~- was. protonatec 

to give the reactive species ~s HFe(CN)~-. The for0&tion of 

AFe(CN)~- was nonitored when the absorption spectruo was 

investigated by v~rying the wavelength settin&, and noting 

the absorbance about 3 seconds after tl1a reaction had be9n 

initiated. In this way, an absorbance ~xim~ w~s located 

at 435 run.. A spectral aL'lift f~on 420 no to 435 nm would 

indicate the tarnation of HFe(CN)~- Henco at 

acidities higher t!.1an Q.1 IY1 HCl, the reactive oxidant 

species wus BFe(CN)~-. 
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Since tb.~ rate of the ree.ction showed a first 

ordar dependence ·:m U1e concentr{>.;tion of the acid, the 

first ste~ of t~e raection would be t~a prot~&atian of 

Fe(c:.N}~- to give :HFe(CN)~- as tlle reactive oxid~nt speci·as~ 

t~1e:.t is, 

:a+ + Fe(CN)~- '"~ HFe(CN)~- ....... (1) 

vJl1e.re K l'Je..El tl2e first :;_3rotonl\tion constc-.nt ;:;f Fe ( CN)~- , 

w~ose velue has been reported (110) to be less t~an 10. 

Under tl1e present experL1ent!2,l cor-.c1i tions, tha rate le:~" 

coulcl be expressecJ. as: 

Rate = 
·· d/Fe (CN)~-

- at 
I 

= kobs I Substrate/ /riFe ( CN) ~- I 
4 • • • • • (2) 

'ifll1ere / HFe ( CN) ~- / = K/F·a ( CN) ~- I / H+ I ..... (3) 

Effect oi teopereture 

The rate of the reection weo influenced by changes 

in tenperature (Tables 7-9). 



35.0 

45.0 

50.0 

55.0 
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T~ioglycolic acid 

5 (o-1 ) 10 x :r.obs 

7.2 

';{ 

I Thioglycolic acid I = 0.10 l~; I K3Fe ( CN) 6 I = 1. 5 x 10- _.~1tJ; 

I :HCl I = 0.10 H .. ;r= 0.05 rJ.L 

Tabla 8 : Effect of tGnperc:,ture 

25.0 

30.0 

35.0 

40.0 

Thioraalic acid-
4 ( -1 ) iO x Irobs s 

12.2 

16.2 

19.2 

27.2 

I T!:1iot:::ulic aci c1 I = 0. 01 ~-1; I K
3

Fe ( C:Nj 6 I = 1 x 10-31-1; 

IBCl I ; 0.10 IV,:; r= 0 .. 05 r-1. 
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Table 9 : Effect of te:.:.:rper£'ottrr'8 
iJ 

-------------~-----·~------------ ----
( 

0 
Te,::.l:_J .:!:. 0 .1 C) 

30.0 

;5 .o 

40.0 

45.0 

?c.o 

10.6 

·--------
I T' · ' 1 1 = o o1 'fi 1 7 Ti' (c1\T) 1 1 .... o-3--a~O::;JL'leno • 11 ; 1>..:3"' e L'l 6 X.L .i.-:t; 

I HCl I = 0.10 E; 2.:J. .Det~J.s.nol = 80%(v lv); 

/4- = 5 X 10-
4 

I:'l. 

lin3ar ( Figs. 1-J ) , suge;estiug th3 v;:.lici.ity ui the Arrheniv.,:::; 

equc:.tion. T:'le slopes of t~1G plots ';;:rere used to cc.lc·ule~te the 

Lctivo:tion energies of tr.'le reac·;:;ions ( vide '3xperL.18ntel,: 

Cc:.lcule..tiorw). Tl~0 otL1er e.cti\ration parc-,:.Jetors were 

c2.lculc..ted emcl have baen sho•;m in T<:.ble 10 • 

-· 
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Substrata~ I~IOMALIC 

ACI U 
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(Substrata THIOMALIC ACID) 
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Substrate : 

T HIDGLY COL. I C 

ACID 

3.2 

10 3/T 

-

3.4 

Fig. 2 Plot of log kobs against the 

reciprocal of temperature 

(Substrate: TH!_QGLY~,OLIC ACID) 
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Sub strat o ~ l HIDPHENDL 

o.o '~-~--------~~ -----·-·-----· 
3.0 

Fig. 3 • 

3.4 

--~ / 

P 1 o t o f 1 o g k 
0 

b 
9 

ag ai n s t t h o 

reciprocal of tomporaturo 

(Substrata ~ENOL) 
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Table 10 : ~ctivation Peranetors 

Thioc1elic 'i2~1iot:;lyc o lie 
Para::J.eter acid acid 

( -1 lt0+2 53.±.3 E "f'",J :.:101 ) -
.k (s-1) 1x1o4 9x10 

4 

LvtfO~:J nol -1) 37z.2 50+) 
i-

LJ.S~JK-i nol -1) -176:t.5 -160.t$ 

electron trEmsfer proc~eses. If t.:::~e d or;:)i tals of t~1.3 

sulft.:r atoo ere involved. ir.. tL'l.e borLclir:.E; to the oxidr:.:rnt 

procluced Will be gui te stable. J .. n increa:::e in t~1e bond 

stren<-;th e.ccounts for the lr..rge L;._,s::f: vc-.lue obto.inacl. Val1-wo 

of i3S4= in t~is r~nge ior r&dical reactions ~~vo been 

r:.scribed (!11) to t!.1e nature of t:1e alectron-pe.iring and 

electron-m'lpe,iring processes, c:nd to tti.e laos G.f dee;re9S of 

:freec1oc::, fornerly avc.ile,bla to the reactanto. OJ:.'l tL1e 

formetion of e rigid transition state. Siople electron 

transfer reacti~ns leeding to the foroc.tian of frea radicals~ 

antS. subsequent dime:nizz~t_Lm of f:r9e radicals to eive xis~ 

to t~:.e product,. eenerally exhibit noderately large negE~tiva 

values f~r the entropy cf activation (112). 
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Effect of solvent 

Inc.cec..sine; proportions of r:.13ti1Lnol reoultac1 i:n en 

increase in the rete of t~a reection, in the esse of thio~hJ~ol 

(Table 11). 

Table 11 Effect .)i solvent 

j:t.i-:.Q71 1-:f 0 ·~-...... £..:...-.!.-2 Dielectric 105 --X k obe 

(~~f vlv) Cor~ot1:H1t (D) ( s -1) 

65-35 48.8 8.0 

70-30 46.4 9.6 

75-25 44.0 10.7 

eo -20 41.6 13.7 

85-15 39.2 17.0 

I Thiophenol I .., 1 x 10-21'1; I K3Fe(CN) 6 I = 1x10-3M; 

I :i-ICl I = 0.1 11; p..= 5xio-4 I~; te::Jp. = 35°c. 

This wes due to the lowering of the dielectric 

constc..nt of the meuiur::1, 1rJI-:<.ich ·f:Jould fe.vour a leos polar 

tral~Si tion stElte coopared to ;.:.:ore polar ree.ctants. 

A plot of log kobs egainst the roci~rocal of tha 

dielectric constant (D) was linear (Fie;.4)P indiceting t~e.t 

the reaction wo..s of t~le ion-di:;_Jole type (113). 



23!1 

Substrate THIDPHENDL 

o.s~'·---~·--··~,-··~··~~·~·----~~~~---.. ~·~~ --------------+------------
0.019 

Fig • 4 • 

0.022 0.025 

1/D -·-~ 

Plot of log kobs against tho reciprocal 

of tho diolectric constant 

(~ub strata : T HIOJ?.!jf.!~JDL) 



240 

T~:a effect of e. che.i::.(:;a irl t~1e solvsnt corJposi tion 

on ra£ction r£tes would eloo ~a~ond on f~ctorD such aG t hr.:> 
--~ 

solvating power of the solvent (114)~ solut8-solvent 

intarectLms (115-116), uc,cc solvent' structure. 

Solvent effects on thG ratso of mddP.tion of 

t~-::..iols h.s.s received co:nsiC.erable att.:mti::m.-9 ·;rJherein the :re,to 

increased quite steadily on pe.Dning fro£.1 alcoholic to 

non-protic and to dipolar aprotic ::::olvents (5?-57). 

J.. correlatiotJ. of the rs.te of o:.::idc:.tior_ 1r1it~1 t~1e p:Z:a of t:1e 

alco~1ol was inferred (55). Large varietions in :retes vl'3:C3 

obs8rved, on ch.:mging tLw cP.tion.9 suggesting ti1at iOi1 .... lJairir~e; 

p£1enoDena were involved (55). 

Effect of icnic strenQth 

Variations in t~1e ionic strene;tb. of t~1e mecliun 

using KCl ( f-= 0.01 l~ to jA = 0.10 l·i for tL1ionalic acicl 

and thioglycolic acicl; fA. = 5 x 1o-4M to 5x:l!0-3 M for 

thiophenol), did not hav3 any eJffect on ti1e rates of the 

r ee.ctions. 

The addition of K4Fe(CN) 6 in the concentrc.tion 

ranga of 1.0 x 10-4 u: to 1. 0 x 10-31'1 (for thioi.:Jalic acid 

) -4 thio~Jhenol , c..nd in the concantre.tion ranBe of 2.5 x 10 M 

to 2.5 x 1QrJM (for thio3lycolic acid)p did not 2ave any 

effect on tl.J.e rc:.tes of the reactions. 
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Eifect of e.d.J.itio:1 o:;:: proc-:.:1ct 

Ttw e.ci.Cition of t~t.e ::_::;::od.uct ( the respective 

disulfide a • in ee.d1 ce..se) in th-a cor..c3r~tre.tion. r~ne;e of 

1 y,; 10-4~-1 tcr 1 x 10-3M; did not hava ar.y effect on the rates 

of t~e raacti~ns. 

Effect of addition of salts 

The e•dditi~n of se.lto ouc~1. c:.s Ne-.Cl$ 1{110
3

, Na2so4 

end EigS04 ( concentration ra.nge C..,001 E tc C .G1 M) did ~':!ot. 

I.u:.ve e.n.y effect on t~1a rc,teo of tl2e reQ..ction.s ~ 

Radical inter~ediates 

I:n U::3 present inveutigation, tha ree.ctions 

bat;:·Jeen all tt1e substre.tes (t~1ioglycolic acid, tb.iou:e~lic 

systeBs to initiE.te the poly2erizatiJn of olefins (117). 

The ESR spectra (g-4, Varian) of t~e r~dicals 

t~1e substrates wit~:t l:.exacyanofarrate (III), were obtain3C: 

(vide 'Experiwantal'). 

inter:.:.Jecic.te wL1i c.t.: sj_oirJed a 1: 2:1 triplet s igne.l, inc1ice.tine; 

the presence of t~1e tl!iyl re.dice.l. 
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obaerved to be vsty fast (138). It has been observad t~at 

oercapto re.c1ica.ls generated by fle~s~1. p~~otolysio in aqueous 

solutions giv~ rise to a radicLl iong po;:;sibly by ir~ter-e.ctio:,.1 

ilJitJ.l an ionized t~1iol oolocule (139), the,t io 

-
RS.. + B.S ~ !1SSR (1) 

Siuilar re,dicc.l anio~:.s have b.sen observed (138) 

&:8 trc.~1Sie.nt SpGcieS in t~13 r-3c:ctions of VE'.riouS ci.iSuliicbo 

-- .. RSSR + e ~ RSSR (2) ..... 

~'lhic~1 eventually c1ece:.y to Give K1iyl radic&.ls ar.c!. o.ercaptide 

ions~ 

RSSR .. _ ' B.S. -+ :tt.S (3) 

I;.. related observe,tion vle~s re::_3ortad (i40); ;,1hsr9in 

a one-electron reduction of naphthalene-1.8-disulfide was 

:postulated, contre.ry to the uOJC8 usual tvJ0-electro:.1 red.uctio::-" 

of disulfideo (8, 10,20,141, 142), an6. c;.lso tb.at t!..::.e JC2.u.ical 

B.niol'l generate:5.. frorJ t~1e disulfide "Ji th soc1iuu in 1 p2-

dioethoxyethane has been c:.:.c::r::_cterizec1 by ES.a. spectroscopy 

(i40) • 
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Possible oecbaniaoe for t~iol radiolysis in t~s presence 

of oxygen have b3en postulateC involvine the intaroediacy 

of thiyl radicals { 1)2,1)3 ). The reaction 

/ . /r< . r ., ·t ~ RS. + RSSR ~ J.SSLl + R .::> •.. YrJaS l.lliUCl. eCL by 
J 

thiyl radical (134). 

ESR oeesureillents of radicals produced by the 

irradiation of cysteine ~t rooGJ. teuperature ~lave s:."J.o1rJn 

t!.::.at t:.:.e first step of tl1e reaction involved proton tre.nsfs;; 

fron t~1e radical ion to a neighbouring gr ou::· 1\.Ji ti.l t.~1e foL1e.t ic;:::-! 

of t~e thiyl radical (135)~ It was suggested that t~e diaulfits 

was forned ao a result of t~e di3erisaticn of thiyl radicals. 

Thiyl radicals :1ave oeen ooserved as t~1e preGoGinant 

species in t~1.e irradiation of e.lkyl .Dercaptc..ns (136). 

Studiea of peptidas and proteins co~tainihg 

sulfhydryl and disulfide gcoups have 8~1~\:Jn t~l.at irradiation 

2.t 77 I< lee.ds to non-sulftuc rac1ice.l£J. On \tlarning .~~ L' "G!J.ere 

occurs ~igrution of spins to suLfur~ and sta..Cile radicals 

at l.?.it?;her tew.peratures -vJere observed to be til·3 thiyl radicals 

(118,122,137). 

Thiyl radicals :~1e.ve b sen detected and cic.aracterised 

in t~1e oxidation of ti1iols to disulfidea ~ using a variety 

of o:xidizing agent-s (3!~ ,38-41, 47-53). 
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Tb.e oxic1e-,tioL of t~:tioglyc:Jlic e,oic1 Jc.ve Et r&.d.ical 

intaroedi6.te -;t:·lic~l e~1ov1ac1 a i: 2:1 tripl Jt sien.e.l, incl.ic,;.ting 

the ~resenoe of t~e tbiyl tadicali 

t~1a presence of tl1e t~:.iophet1yl re.Jicc:.l ( Cd15s.)., t-1hich. i1ad 

a value of g g 2.027 + 0~002. 
av -

Tl1e triplet spactrw.:::: attributed to i1S. ractica1s 

obsGrved in ~on0oulfidcb a~d disulfides (119-120). This 

• sulfur pattern\ vJaJ3 e,lsG :fo"md in tiJ.e s;:actre, ~i vE,.:ci-::•:..10 

fec.ture of ~:.:-,any s-'cudies of suli'-..rr C:J!.J.p:mnds vic;,s tl1a 

occurre:.1.ce :Jf otrHting ci1anc:;es in t~1e struct:.rre e.nd size 

of t~1e ~bf.lorption pedts e.G the saLJ.ples wer3 1r1arc.ed to room 

tl!nperature €d.1.c1 above (i21-123) . T~1ese effects ''Jere q_uoted 

fission proe~so)follG"trJ'ecl by secondery raactiono Jp.robc:.bly 

ot poaiti•e vacancias and nagati~a ions ~s well ~s neutral 

ezperim.ental ·observ~tio:n t!:le..t ~Dercc..ptcc::.cido yield disuliic.!.a 
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as tl1a rac:.ction ~roducts. 1.Bole of orge.nic substre.te Tee.cts 

\IJ'i t~-::. 1o.ole of m~idc:.:nt, inclicatint:; t:.::.s f .Jroatio:n of ths 

disulfide. Sue~~ rec:.ction :yrod:.wto ~l.ave been i3.entified 

previously, tl.1e oxidation cf eli t~1iobit.rret by ce::ic ion 

giving a cyclic cation as a r2cult ot sulfur - sulfur bone!. 

formation (124-125). 

The pr~sence of thiyl re.c1icals has been sho",Jn in 

ee.rlier investigations, Pulse r&diolysis studies ohm-red t~1e 

presence oft a transient species w~en thiols Were irredie.ted 

at a pH wl1en so':..1~ ionizati::m of t~1e t~1iol g:roup haa occ1-rrrecl (126). 

Tbese S:J;)ecies v1ere :for::J.ed by tile reectLm of t:'le t!:".dyl r<:.clic2.l 

1ilit~1 t>e tb.iolate ion in ru1 eguilibril.D rsE:ction suc:1 c:.s 

In the ce.se of cysteaoine, the secJn~ order rate constant 

decree.secl ~rrith e.:n incree..se iT~ t~1iol concentrc..tion ansL pE, 

inplying that tl1e rc:.te of c1ise.ppam-e.nce -vu-_s cvntrolled by 

the dL:.1erization of free thiyl radicc:.ls (126) • Si::Jilar 

results were obtained for cysteine (127), Qercaptoeth2.nol 

(128-129), various alkyl r.1ercaptens (128), hyctrogen sulfide (1:-JC) 

and penicilleoine (131). 

It l.lc:.B been sho\I!Jn that oxygen reacts witL1 the tL1iyl 

radical e.ccorc'l.ing to tb.e ree.ction 

RS • + 0 2 ;r RS 00 • .. 
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It could be sugB3Dte~ that disulfide wao foroed 

"''Jit~J.in the c~or:lii.'u:,ti::m s~=·~1e:r 3 0f ti!.e metal or in a step 

concerted wi t~1 t:.1e release ~1 t~-::a t~1iyl rac1ice..l. J:...s in t~1e 

cc:.se ;)f cyanice cor.lplex::H3~ it cc-,n be e..osw:.wd ti:J.at t~13 

o.xic1e.tion of t~1iols ocClJ.ITacl. ::y e.n out3:r sp~1er3 ~rocesB)eci~:.c~ 

LJ.ence tb.iyl re..clice.ls \t~ere forL"l·3d ~.,T:1ich \'JoulC'. ur:.dergo rapic~ 

dL1erization to yi8ld tha disulfide. 

It vJs.s suggested t~J.e..t t~1e :.:.latal ce:.te:.lyzed ozidation 

of t:1iolo l'las bz.oed on an electron tre.n::::.fe.:.n froo t~"J.e metc::.l 

in ito D.igher oxidc,tion state to the tb.iol viD. e.r,. ir::z:er 

opL1are proceos W~"Jer...aver the thiol co-;;.ld coorc1ir~e.te to t:;.8 

netal. Out-er sp~1ere proceose;3 ".rle:re suggested ·v1~1.en otronc; 

entry of t~1.e thiol into the 

coordination or:here of t.h8 o;.tc:~l ( 66) • 

T~J.e prL:1ary phoJuoly~ic proceso by t~?..e irradiation. 

of thiola et 2500 i wes t~e ~omolyois of the S-H bond to 

e;iv2 thiyl re..dicals snd H ato;.~l (79). Tbe -principc:.l 

disulfide 

aSH hv> as. + :=-I • 

ilSE + :a. j RS. + :a2 

2 as. 1 RSSR 

T~uo~ in t~s oxidLtion of thiols~ 
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re.:;;;ic: di;:Jerizc.tion to give t~1a ~Jrocl.uct, cl.ioulfide. 

(a) Oxidatioh of thio~~lic aciC 

Thio~alic acid is a wea~ tribasic eci~ W)ooa 

nK vc;.lues hc;.ve b3er.:. raported (143) e:.o follo~rJs: - a 

electron tre.::_::;fer ote]. It cc:.n 'De assu.:J.ed that the thiol 

exiot3 c:10stly ire. t~1e ior.iz.e6. .for.__1 in e. :ueouo LJ.edil.;r..J. Owinc; 

preclude t~:..e ionizLtior: o:~ t'.le v.Jec:.~~: sulL'lydryl s:.·ou-;;J. Si::ce 

c"lisulfids liJES the firAc:.l ~rocluct oi o.zidation, tc.e oulf~1ydryl 

provides t2e oitc of atte.ck. For cocvenie~ce 9 

if L:..e S~Jeci es 9 9 is 

~r< 2-
.ci.Ja. 9 t~1en tl;_e proposed :oechm'!iS:::J. car.1. be 

2- 2-as. + .sa 

:-IFe ( CN) ~- -:- RS~-
o 

2- 2-RSSrt 



which gives 

-- d/Fe ( CN) ~ / 

dt = 
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Jf 

T~1e for::.0.e.:ti·;)Ti. of tEJ.e free radice.l vle..O sup.:.:ortac1 

by t~J.e poly_..:.3rize..tL::;n of acryl::mitrila (:1.17), c:.:r~c:. by ESR 

spectroscopy vl~'lerei.;n t~1e thiyl :ce~dical appeared c.s a 1 :2: 1 

triplet (vide 'aadical Interoediateo'). 

The ~:.exe..cyanoferrc..t8 (II) produced c!:: ... rrir_.s t~le 

Qhe product :;,f t)a ozicle.t ior.. thio:...J.e.lic e.cic1_ 

dithiodimalic acid. Tbis ;=oduct ~e..s been ioole..tad anQ 

Pro6.uct .Jll1.alysio) o 

(b) Oxidc:.tion of tL1ioglycolic acid 

T~e first and second 6issociation const2~to for 

1 
-lz ~ thioglycolic acid have bean re~ortod (145) ss 2.1 x C 2~~ 

2.1 ::x 10-ii at 25°C~ r3S~:::~ec-~ively. Ir~ acic1 ae~~ii.L.1 9 ior_iz3c1 

• 
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disul:ficle ( c1iti).iodiglycolic cciO.) 9 t~1a sulfhyclx'yl group 

ae cpec1eG ~ v.r:.~. t , · -s~T2coo- ~ has ~aen c~~sidered t~ be the 

reective spaciaa. For conva~ienca~if thic rasctiv3 species~ 

·- - r:)-::'2-SCH2COO , is desigr:c::.t3d. C:dJ ~".:..> ~ t~1en t~1e propo8ac1 

Qach~nic~ c~n be writtan as: 

? 3 SLovJ c- L;, 
LiS~- + Fe ( CN) 6- ~'"'. + Fe ( Ci·T) 6 

as: + Fe ( CN) ~- :f.ast} RS ± + Fe ( CN) ~-

RS + + RS 2- fast >3.SSR2-

The for;:1ation of t~1e free rachcal ''JJe.s evidenced 

of acrylonitrile (117), and by ~S~ spectroscopy ~2eraig t~a 

thiyl racLice:.l appec:.red 2.8 c. 1:2:1 triplet V1.C!.3 l E:.C.l~Ca.. (
• • ::> I 1 ~. l 

I r...,trr•-·adl' ~tac ') Lil. d ;.....1,::. ~ G.. .._. u • 

Tha prese:1ce of t~1s trc:.nsiont species of t~'2a type:~ 

ra&ctiOng hexacyanoferrate (II) a~C ditbiodiglycolic ccid 

(the die \,ll:iide) 9 cLic~ not have c.ny effact on t!:1a ratG of t~1e 

rec:;~ctim.'!. ~ inci_ice.. ting t .. w.t t!.1e;:;e encl products vJGre not 

in.volvac1 in e:ny reversibl8 electron tn:.nsiar Gt8p. 



250 

It is also possible tL'lt:,t ths hydlcogan ion r:.1ay 

cosbine lf!i th the h·=:xacyc.r~oferrc:.te (II) ion to fore ferrocyc;u.1ic 

EFe(CN)~-, 

4 K' 3-
H + + Fe ( GN) 6- , ' HFe ( CN) 6 • 

The e;:.;_ uilibriUJ.:.1 constE..nt 1 K' , has be 3L'l r aportaC:: 

(147) to .i:lBV8 C: vc..lua of t:: lt..C ~r 1 0-5 /•4-..LSJ<- • 

The product of t~1.a oxiclE..ti.Jn of t~1iogl]culic -aci•2 

by acidic L'l·3:Ke.cyanoierrate (III) 9 v!e.D tl1e dio·~:.l:;::i~~e, 

c1it~liodielycolic c..cid. fil).is product hE..s b:J3n iool&te:6. c;.:r_.:..;_ 

c~:carc..ctariz8d ( vide '3xperioentc.l' : Frodu.ct ArcE.lysis). 

(c) Oxidc..tio~ of Thiophenol 

The rate of t~e oxidation of t~iophenol by c..cidic 

~axacyenoferr~te (III) was observed to be 6.apandent on the 

first powers of the concentrati.Jns of aec~ speciao -

s·:..1bstratep o:xida:rr..t e..ncl acid ( Tabl8S 3~5 ) • The fixst order 

fi::ot step .Jf t~1e re2>ctim-;. vies ti.Je protonation of Fe ( CN) ~-

to give the reactive oxidant CJacies, 3Fe(CN)~- • A spectral 
(') 

s::1ift frc~:l 420 nn to 435 JLnCi.icc:.. ted t~1e presence of =-iFe ( CN) 6-. 
Increasing proportiQ~S oi methanol rasulte~ in an 

increase in the rata of the re~ction (Table 11)o A plot of 

log kobs against tha reciprocal of t~a dielect=ic co~ste..nt(D ), 

waG line&r, sug~estinz an ion-dipole intare..ctiono 
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The e.ddition of salts such e.s NaCl, KN0
3

, J>Ta2so4 

and MgSO.L, did not have any effect on the re.te of the reactior,. 
" 

This would suggest that the reaction v1as between an ion and 

a neutral ( but dipolar ) molecule. 

The external addition of the end products, 

hexacyanoferrate (II) and diphenyl disulfide, did not have 

any effect on the rate of the ree.ction, suggesting that these 

end products were not involved in any reversible electron 

transfer step. 

The solvent isotope effect "'ias nee.sured by preparir.t; 

identice.lly buffered reaction :.:1i~r.tures in wator 2.n.d in 

95% D2o. The ratio of J~{20 I ~20 observeJ was 2.25. An 

estimation of the solvent isotope effect on thG reaction 

bet1tJGen thiophenol and hexacyanoferrate(III) he..s not been 

raade ee.rli·ar. It has b3en ouggested previously that the 

large fractionation factor of 2.32 for the distribution of 

deuterium between ethanethiol and 'iater favo1,rring the S-H 

and 0-H bonds (1~8), snd the solvent deuteriuo isotope 

effect of ~ 0 I I~ 0 = 2.27 for heoithioacetal formation, 
2 2 

in which an S-H was converted to an 0-H bond (149)~ oay be 

accounted for most satisfactorily if bending as 'ii'lell ao 

stretc:1ing ( and perhaps ot~'l e r frequencies) vlere to be 

taken into acCOlli,t (150). In the present investigatiQn~ if 

t~1e ree..cte.nts were c6H5SH and C 6H
5
s., then on the b.s.sis of 

e. knowledge of the ~pk values for tho relevant acids in 
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going froo H20 to D20 9 t~e ~ctivities of the various ions 

in taose solvents (H2o and n2o) c~uld be c~lculeted. 

~heoretic~lly, this predicted a valuo ~f I~J 0 I kD 0 = 2.20. 
-"2 2 

Tnis would support t·1e for..:.mti.::;n of tho C 6n5s. specie a in tbe 

rete deter~ining step of tho reection. 

It has beon suggest3d t~'!et since the dis.:Jocit.tio~':. 

of t~e lowest triplet excited stcteo of t~iophe~ol wee not 

:;_Jossible, the breakdown occl:.:£oC. froct the loHest oxcit::H1 

sine;let state following crn.r 0e r-.outralizc..ti v:n of the pc::.r o:::J.t 

ion, with S-H cleavage bein-.::, t_l3 only i:::.:port~nt proccso (151). 

In tllG analogous ce.se of eti;.c.net_;iol, a si::1ilar S-3 cle~V<?.£60 

~JT~s also observed (152) • T~o r~ciolysis .J1 thic::9~1onol g~ve 

.s.n ap:;;;reciable yi'Jld .J:L Ilyc...J'oge:.'ly inC!.icc-.tin;; ti13 dominating 

role t~1.at t:'lc sulfbyckyl ( -SH) grour,. exerts whon it is 

)rssent in a molecule.? t:'lo sie;:L.:.i:':ice:.nt process being t~--:at 

of !1y6.rogen e.bctraction fr ,J..J sulfur, resulting ir.. the 

In th~J prese:rc.t invostise.ti:yn ~ t:1e o.~;:idation of 

thiophenol by e.cidic hsxacyanoferrute (III) ge.ve a re.--=.icc:,l 

iro.ter::1adiate 9 Cd-I5s. 9 wl1ici1 s~1.o;J3d a 1:2:1 triplet oit;ne..l in 

tho KSR spectruo. This thiop~onyl raCicnl h~d a ve.luc of 

Ee.rlier investigations ."J.nJ. reported t_le ozic1s.tion 

of thiop:1.enol to c1iphenyl ci_iaul:::ide by cyclic voJ.tcOLJotry 



in DHF solvent (20), DHSO c:.nd IJ.:IHS0(29)" c1iethyl azodice,rboxylate 

in the dark at room teo.por.s .. tu.r<") (33), iodosobenzene in roflm,i::::.~ 

dioxan (37), triwethyl oulioxoniuo iodide at 100°C in DMF 

solvent {153), molecular oxygen catalyzed by strong basos(54 )" 

oolecular oxygen catalyzed by 0:::1ines (57) , tet.ranethyl-

guanidine which acts both c.s c. base and as a dipolar solvent 

(59), addition of heavy metal salts (62.v63), the 2-(2-naph-thyl-

GJ.ercapto) -1-indanyl hydro~peroxide coo.ple:x 'i:li t~1 trietb.ylene­

diaoine (154), and by ~olocular oxygen catalyzed by a~thr~-

q_uinone-1-sulfenic acid" t-butyl hyili'oporoxide 2..nd phenyl 

benzenothiolsulfinate (155). 

In tho present investigation 1 t~o oxidetion of 

thiophenol.by ecidic hex~cyanoferrate (III) yielded the 

disulfids (diphenyl disulfiQe) a~ the product. ~his product 

was isolated and characterized by spectral oethods ( vide 

'ExperioGntal': Product .Ane.lyDis). The :1echanis.o can be 

represented as follm,rs: 

u+ (C ) 3- K , 7){'F ( ) 2-n + Fe N 6 "\;.-·- ··- - ..-.~. ~ e CN 6 
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Methyl .Amine 

L- J -2 L- J -1 !liethyl Amine • i .Gx1G M; Ne.OH • 1.0 X 10 M; 

L-K3Fe(CN) 6 _7 c ,.o x io-4 M; 

O.D. (420 nm) for temperature in (°C) at 

35° 40 ° 45 ° 
0 

tm 50 

0 o.146 (;.146 0.146 0.146 

5 0.143 o.1t::3 o.139 c.134 

;.; o.14o G.ii-.. 0 o.135 o.13c 

10 (;.138 0.136 c.132 0.124 

20 c.134 ().125 o.11s 0.106 

Ethyl amine 

L-Ethyl amineJ = 5.o x 1c-2 I'!; L..-K3Fe(CN)~ J .-5.o:x1o-3rf; 

_O.D. (~~~on~ for tem~eratur3 in <
0 cg; at ' 

im sao' 405 . 5" 
0 c.o7B o.o7a o.o7e c .. c?S 

10 c.o76 o .. c76 ~h076 _ p.C77 

1~(; c.c7' 0.074 Oa073 o.o76 
'/' ' . 

190 o.c7:5 0.072 o.o72 O•G75 

260 o.o71 o.o?o o.o71 o.o74 
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Dilleth'fl Amine 

a) L-K3Fe(CN)6 _7 a 5.0 X 10-4M; L-NaOH_7. 1.0 X 1o-1 M; 

temperature = (35.0 + o.1)°C. -
O.D. (420 nm) for L- Dimethyl Amine _7 at 

tm o.oo5 M 0.01 M o.o5 M 

0 o.12li- 0.124 0.124 

5 0.123 0.123 0.119 

10 0.120 0.119 0.117 

15 0.119 0.117 0.115 

20 0.117 0.116 o.114 

25.5 0.114 0.115 0.112 

b) ~K3Fe(CN) 6 _7 = 5.0 X 10-lt M; £-nimethyl Amine_7 

m L.O x 10-2 M; temperature = (35.0 ± 0.1)°C. 

o.n. {420 nm} for L- NaOH_l at 

tm o.1 M 0.25 M 0. 5 1-1 

0 0.124 0.124 0.124 

5 0.123 0.124 0.124 

10 0.119 0.123 0.123 

15 0.117 0.119 0.121 
31 0.115 0.115 0.118 
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) L- J -1 - 7 c NaOH a 1.0 x 10 M; l:Dimethyl Amine_ 

• 1.0 X 10-2 M; temperature • (J5.0 ~ 0.1)°C. 

O.D. (420 nm) for ~ K3F
8

(CN) 6 _7 at 

tm o.ooo1 M o.ooo5 M 0.00075 M 

0 0.026 0.124 0.218 

5 0.024 0.123 0.213 

15 0.022 0.117 0.206 

20 0.020 0.116 0.203 

25.5 0.018 0.114 0.200 

d) L- K3Fe(GN) 6 _7 = 5.0 x 10-4 M; L- NaOH_7 = 1.0x1o-1 M; 

L- Dimethyl ~ine_7 = 1.0 x 10-2 M; 

o.n. (420 nm.) for temperatura in (°C) at 

tm 35° 40° 45° 50° 

0 0.124 0.124 0,124 0.124 

5 0.123 0.121 0.120 0.119 

10 0.119 0.120 0.117 0.115 

15 0.117 0.118 o.111 0.111 

20 0.116 0.116 0.111 0.106 

31 0.115 0.114 0.105 



26!1 

Trimetnzl Amine 

a) LITrimethyl amine_!= 5.0 x 10-2 M; temp. = (35.o ~ o.1) 0 c. 

O.D. (420 nm) for L- K3Fe(CN)~ at 

tm o .. oo5 M 0.0025 M 0.001 M o.ooo5 M 

0 0.586 o.~o6 0.275 0 •. 144 

6 0.57% 0.398 0.269 0.141 

10.5 o.~72 0.396 0 .. 267 o.t%1 

15 o.571 0.395 0.267 0.140 

20.5 0.570 0·394 0.267 0.140 

35.5 0.566 0.391 0.265 0.140 

b) L-K3Fe(CN) 6 _7 • 5.0 x 10-3M; 0 temp. = (35.0 ~ 0.1) c. 

o.n. (420 nm) for L-Trimethyl amine_! at 

tm o.o; M 0.25 M 0.5 M 

0 0.586 0.586 0.586 

6 0.574 0.546 0 .. 524 

10.5 0.572 0.535 o.486 

15 o.571 0.520 0.438 

20.5 o.57o 0.490 0.421 

25 0.568 0.480 0.393 

35.5 0.566 0.447 0.331 
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c) L- K3Fe (CN) 6 _7 • 5.0 x 10-3 M; ~rimethyl amine_! 
. 2 

a 5.0 X 10- M 

O.D. (420 nm) for Temperature in (°C) at 

tm 35° 40° 45° 50° 

0 0.586 0.586 0.586 0.586 

6 0.574 0.578 0.558 0.553 

10.5 0.572 o.573 0.547 

15 0.571 0.568 0.545 

20.5 o.57o o.56o 0.553 o.543 

30.5 0.570 0.558 0.546 0.543 

40 o.566 o.547 0.542 o.533 

) L- . _7 -2 ( )0 a D1ethyl amine = 5.0 x 10 M; temp. = 3?.0±0.1 c. 
o.n. (420 nm) for ~K3Fe(CN) 6 _7 at 

tm 0.005 M 0.001 M o.ooo5 t.r 

0 0.401 0.242 0.164 

31.5 0.395 0.238 0.163 

68.5 0.389 0.234 0.158 

94.5 0.385 0.230 0.149 

125.5 0.380 0.225 0 .. 142 
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b) L-K3Fe(CN) 6 _7 = 5.0 x 10-3 M; tecp. = (3~.o!.o.1) 0c. 

o.n. (420 nm) for L-Diethyl amine_! at 

tm o.o5 M 0.25 M o.5 M 

0 o.401 0.401 0.401 

31.5 o.395 0.359 0.330 

68.5 0.389 0.355 0.316 

94.5 o.JS5 0.340 0.299 

125.5 o .. JSO o.J23 0.281 

, . 

c) L-K3Fe(CN) 6 _7 ~ 5.0 x io-3M; L-Diethyla~ine_7 

= 5.0 X 10-2 M; 
o.n. (420 nm) for Tec.per"aturG in (0 c) at 

tm 35° 45° 55° 

0 0.401 0.401 0.401 

31.5 0.395 0.384 0.379 

68.5 0.389 0.379 0.337 

94.5 0.385 o.J74 0.33~ 

125.5 0.380 0.366 0.330 

152.5 o.37J 0.360 0.325 
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Triethyl Amine 

a) L-Triethyl acineJ = 5oO x 10-2 M; 0 temp. = (35.0;t0.1) c. 

O.D. (420 nm) for ~K3Fe(CN) 6_7 at 

tm Oo0005 M 0 .. 001 M o.oo5 M 

0 0.052 0.061 o.o65 

6.5 o.o45 0.059 o.o65 

10 0.041 o.o55 0.064 

15.5 0.037 Oo052 0.063 

20 0.032 o.o5o 0.062 

25 0.031 o.o5o o.o62 

32 0.028 0.048 o.o6o 

40 0.025 0.043 0.058 

b) L-K3Fe(CN) 6 _7 = 5.o x io-3 M; temp. = (35.0;t0.1) 0 c. 

O.D. (420 no) for ~ Triethyl anine_7 at 

tm o.o5 M 0.25 M 

0 o.o65 0.065 

6.5 o.o65 0.059 

10 o.o64 0.053 

15.5 0.063 0.045 

20 o.o62 0.031 

25 0.062 0.020 

32 0.060 0.011 

'!.O 0.058 o.oos 
""'"- -.-......-.::. 
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N,N - Dimethyl Aniline 

a) L- N,N-Dimethyl Aniline J = 1.0 x 1o-2u; L..KClJ 

-1 L- J -2..._ = 1.0 x 10 11; NaOR = 1.0x10 iYI; Solvent 

= L Meoa: H2o = 6o; 40% v/v J temp. = (35.0:t_0.1) 0 c. 

O.D. {420 nm) for L K3Fe(CN) 6 _7 at 

\-n 0.001 M 

0 0.152 

5.5 0.147 

10.5 0.141 

15.5 0.139 

21 0.133 

25.5 0.130 

30.5 0.128 

0.00075 M 

0.101 

0.092 

0.090 

0.085 

0.083 

0.079 

Oo078 

o.ooo5 M 

0.083 

0.072 

0.068 

0.064 

o.o6o 

0.059 

0.057 

0.00025 lJ.I 

o.o45 

0.032 

0.031 

0.028 

0.024 

0.023 

0.020 
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b) ~K3Fe(CN)~ = 1.0x1o-3M; ~NaOH_7 = 1.0 x 10-2 M; 

L-K Cl_7 • 1.0 x 10~1M; Solvent = L-MeOH:H20=60:4~~ v/v_7 

temp. = (35.0 + 0.1 ) 0 c. 

O.D. (420 nm) for ~N,N - Dimethyl Aniline_! at 

tm 

0 

5.5 

10.5 

15.5 

21 

25.5 

30.5 

35.5 

45 

55.5 

0.075 M 

0.152 

0.127 

0.106 

0.097 

0.087 

0.082 

0.078 

o.o66 

0.060 

0.051 

0.025 M 

0.152 

0.145 

0.140 

0.135 

0.123 

0.117 

0.110 

0.103 

0.092 

0.01 M 

0.152 

0.147 

0.141 

0.139 

0.133 

0.130 

0.128 

0.125 

0.121 

0.116 
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c) L- K3Fe(CN) 6 _7 = 1.0 x 10-3M; ~KG1_7 • 1.0x1o-1 M; 

~N,N-Dimethyl Aniline_l = 1.0 x 10-2M; temp.•(35.o~o.1) 0c. 

Solvent • ~MeOH: H2o = 60:4~~ v/v_7 

O.D. (420 nm) for L NaOH_7 at 

tm o.o1 M 0.025 P.f 

0 0.152 0.152 

;.; 0.147 

10.5 0.141 -
15.5 0.139 

21 0.133 

25.5 0.130 0.113 

:;o.5 0.128 

35.5 0.125 0.109 

45 0.121 

55.5 0.116 0.104 

67.5 0.112 

0.1 I<i 

0.152 

0.119 

0.089 

0.075 

o.o6o 
o.o;o 
0.042 
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d) CN ,N-Dhaethyl AnilineJ = 1.0 x 10-~4; £KCl...J 

= 1.0 X 10- M; L-KJFe(CN)6 _7 a 1.0 X 10-3M; CNaOH_7 

= 1.0x1o-2M; temp. = (35.0+0.1}°C. 

o.n. (420 nm) for solvent {1<1eOB:% v/v J at 

tm 5oo# 55% 60"fo 

0 0.152 0.152 0.152 

5.5 0.137 0.145 0.147 

10.5 0.134 0.143 0.141 

15.5 0.132 0.140 0.139 

21 0.130 0.138 0.133 

25.5 0.128 0.135 0.130 

30.5 0.125 0.1,2 0.128 

35.5 0.124 0.127 0.125 

45 0.118 0.121 0.121 
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. 
e) L~ N,N-Dimethyl Aniline_!= 1.0x10-~; -L-KC1_7 

• 1.0 X 1o~1M; L-K3Fe(CN)6 _7 a 1.ox1o-3M; L-NaOH_7 

= 1.0 X 10-2M; Solvent = L-MeOH : H20 a 6o:4~~ v/v_7 

o.n. (420 nm) for temperature in (°C.) at 

tm 30° 35° 40° 45° 

0 0.152 0.152 0.152 0.152 

5-5 ~.149 0.147 0.146 0.145 

10.5 0.145 0.141 0.142 0.140 

15.5 0.142 0.139 0.137 0.132 

21 0.139 0.133 0.131 0.127 

25.5 0.135 0.130 0.126 0.121 

30.5 0.133 0.128 0.122 0.117 

J-5.5 0.130 0.125 0.117 0.112 

45 0.124 0.121 0.111 0.104 

55.5 0.119 0.116 0.105 0.097 
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N1N-Diethyl Aniline 

a) L-N,N-Diethyl aniline_! • 1.0x10-~; ~KC1_7 = 1.0x1o-1M; 

L-NaOH_7 = 1.0x1o-2M; temp. = (S5.o~o.1) 0c. 

Solvent = CMeOH : H20 = 6o:40% v/vJ 

o.n. {420 nm ) for ~K3Fe(CN) 6 _7 at 

tm 0.00025 M o.ooo5 M 0.00075 M. 0.00111 

0 0.020 0.035 0.045 0.060 

5.5 0.017 o.o31 0.040 0.058 

10 o.o15 0.030 0.039 0.053 

20.5 0.013 Q.028 0.038 0.051 

25 0.012 o.o26 0.036 o.o5o 

36 0.010 0.024 0.035 0.049 

b) LN ,N-Diethyl AnilineJ = 1. 0 x 10-~; L-KClJ= 1.0x1o-1I4; 

L-K3Fe(CN)6-7 = 1.0 x 10-3M; temp. = (35.0+0.1)°C. 

Solvent = [1~eOH: n2o = 60:4~/o v/v_7 

o.n. (420 nm) for L-Na.OHJ at 

tm o.o1M o.o25M o.o5M o.u4 

0 0.060 o.o6o o.o6o 0.060 

5.5 o.o5a 0.057 o.o56 o.o5o 

10 0.053 0.055 0.052 0.045 

17 o.o52 0.054 o.o47 o.oLJ:o 

20.5 o.o51 o.o53 0.047 0.039 

25 o.o5o 0.051 0.046 0.036 

30.5 0.047 0.048 o.o44 o.oJ2 
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c) ~N,N-Diethyl aniline_!= 1qOx10-~; ~KCl~ =-1.0x1o-1M 

L-KJFe(CN)&J = 1.0x1o-3M; L-NaOHJ = 1.0 x 10-2 M; 

Solvent = ~MeOH: H2o = 60:4~~ v/v~ 

O.D. (420 no) for temperature in (°C) at 

=tm 30° 35° 40° 50° 

0 o.o6o OcG60 o.o6o 0.060 

5.5 0.056 o.o;a o.o54 . 0.053 

17 0 .. 053 0-052: 0.053 0.052 

25 0.051 o.o51 o.o51 0.050 

36 o.o;o 0.049 o.o;o 0.049 

B.enZyl Amine 

a) L-Benzyla~ine _7 = 1.0 M; temp. = (60.0+0.1) 0 c. -
O.Do (420 nm) for L~3Fe(CN) 6_7 at 

trn 0.01 M: 0.025 M o.o; r4 0.075 l.\1 0.1 M 

0 0.331 0.355 0.379 0.457 o.490 

78 0.328 0.347 0.360 0.354 0.355 

109 0.326 0.340 0.349 0.320 0.313 

139 0.325 0.337 0.341 0.291 0.275 

166o5 0.323 0 .. 333 0.328 0.263 0.246 

211 0.320 0.328 0.320 0.252 0.235 

242 0.311 0 .. 311 0.240 0.230 



· · 2RO 

b) L-K3Fe(CN)~ = ~.ox 1o-1M; L-Benzyl amine J -= 1.0 ~1 

o.n. (420 nm) for Temperature in (°C) at 

tm 50° 60° 70° 

0 0.490 0.490 0.490 

78 0.412 0.355 0.275 

109 0.384 Ce313 0.235 

139 0.359 0.275 0.183 

166.5 0.338 0.246 0.151 

211 0.306 0.231 ~.130 

242 0.280 0.216 0.115 

c) ~K3Fe(GN) 6 _7 = 1.0x10-1M; temp. = (60.0+0.1)°C. -
o.n. (420 nm) for L- BenzylamineJ at 

to 1..0 M 1.25 1<-1 1.5 M 2.0 M 

0 0.490 o.490 0.490 0.490 

78 0.355 0.328 0.350 0.271 

109 0.313 0.307 0.228 0.221 

139 0.275 0.237 0.189 0.176 

166.5 0.246 0.205 0.154 0.147 

211 0.215 0.162 0.113 0.115 

242 0.184 0.139 0.085 o.oao 
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Dip.l:lenyl A.cine 

- J -2 L- J -1 a) L Diphenyl acine ~ i.e x 10 M; NaOH = 1.0x10 M; 

temp. = (55.0z0.1)~c.; solvent = L-MeOCI:H20= 70:3~~ v/v_7 

L-KClJ r:l 1.0 X 10-2 M 

O.D. (420 nm) for ~K3Fe(CN) 6 _7 at 

tm o.c.o1 M o.ooo75 M o.ooo; M 0.00025 t! 

0 0.200 o.o95 0.087 0.054 

10.5 0.189 0.090 0.081 0.051 

20.5 0.180 o.oa6 0.078 o.o;o 
30.5 0.172 0.082 0.076 0.049 

40.5 0.162 0.078 0.072 0.047 

5o 0.154 o.o75 0.069 0.043 

60 0.149 o.o7o 0.066 0.040 

b) L-K3Fe(CN) 6 J =- 1.0x10-3M; C'NaOHJ = 1.0x1o-1 ~i; 

temp. = (55.0~0.1}°C.; Solvant = C'MaOH:H20 a 70;3~~ v/v_7 
L- J -2 KCl = 1.0 x 10 M; 

O .. D. (420 nm ) for L- Diphenyl amineJ at 

tm o.o; M o.o25M 0.01 M. 

0 0.200 0.200 0.200 

10.5 0.179 0.184 0.196 

20.5 0.167 0.171 0.196 

30.5 0.157 0.165 0.190 

40.5 0.155 0.160 0.189 

50 0.150 0.156 0.186 

60 0.145 0.150 0.180 
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c) L-K3Fe(CN) 6 J = 1.ox1o-3u; CDiphenyl amineJ=1.0x10-~1; 

CNaOH.J = 1.0 x 1o .... 1r:~:; temp ... (55.0:t.0.1) 0 c. 

LKC1J = 1.0 X 10-2 H; 

o.n. (420 nm) for solvent L11eOB% v/v_7 at 

tm 55% 6o% 65% 7CP/D 

0 o.2oo 0.200 0.200 0.200 

10.5 0.191 0.190 0.191 0.189 

20.5 0.186 0.185 0.184 0.180 

30.5 0.177 0.178 0.172 0.172 

40.5 0.171 0.169 0.164 0.162 

50 0.164 0.162 0.160 0.154 

60 0.162 0.156 0.155 0.149 

d) L-K3Fe(CN)6-7 = 1.0x1o-3r1; L-Diphenyl amine_7= 1.0x1o-2M; 

L-KCl_l = 1.ox1o~~~; Solvent = ~MeOH:H20• 70:3~# v/v_7 

teop. = (55.o~o.1) 0c. 

O.D. (420 nm) for f:NaOI:IJ at 

tm. 0.05 M 0.1 M. 0.25 14 

0 0.200 0.200 0.200 

10,5 0.191 0.196 0.181 

20.5 0.186 0.196 0.164 

30.5 0.179 0.190 0.150 

40.5 0.174 0.189 0.140 

50 0.165 0.186 o.131 

60 0.159 0.180 0.120 
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Solvent a .CMeOH : H2o = 70:300fo v/vJ 

O.D. (420 ma) for tecperature in (°C) at 

tm 40° 45° 50° 55° 

0 0.200 0.200 0.200 0.200 

10.5 0.196 0.196 0.193 0.189 

20.5 o.196 0.193 0.187 o.1ao 

30.5 0.190 0.186 0.178 0.172 

40.5 0.189 o.1a1 0.171 0.162 

50 0.186 0.176 0.166 0.154 

60 0.180 0.172 0.162 0.149 

Sodiwa Sulfite 

a) L-Sodi~ Sulfite_? ·= 1.0~10-~M; ~NaOH_l = 1.0 x 10-i M; 

L-KC1_7 = 5.0 x 10-2M; temp. = (35.o~o.1) 0c. 
O.D. (420 rna) for L-K3Fe(CN) 6 _7 at 

tm 0.001 M o.ooo75 t~ o.coo5 M 

0 0.205 0.185 0.139 

4 0.175 0.155 0.115 

8 0.144 0.132 0.10C 

12 0.115 0.112 o.cs1 

16 0.090 0.095 o.o72 

20 0.072 0.079 o.o6o 

24 o.oss o.o6a o.o45 
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b) ~Sodium Sulfite_7 = 1.0 x 1o-2M; ~x3Fe(CN)6-7 =1.0x1o-3M; 

L-KC1_7 = ;.o x 10-2M; temp. = (35.0±0.1) 0 c. 

O.D. (420 nm) for L-NaDH_7 at 

t o.o; M 0.1 f1 0.25 I>l m 

0 0.205 0.025 0.205 

4 0.181 0.173 0.161 

8 0.163 0.144 0.112 

12 0.145 0.115 0.073 

16 0.131 0.090 0.045 
-· _j 

20 0.119 0.072 0.027 

24 0.103 0.058 0.017 

O.D. (420 nm) for ~Sodium Sulfite_! at 

tm 0.0075 M 0.01 M o.o25 M 

0 0.205 0.205 0.205 

4 0.185 0.171 0.163 

8 0.163 0.144 0.094 

12 0.137 0.115 o.o56 

16 0.119 0.090 0.029 

20 0.104 0.072 0.013 

24 0.089 0.058 o.oo6 
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d) L-K3Fe(CN)6 J. 1.0 X 10-3 H.; csodium SulfiteJ 

= 1.0 x 10-2 r1; L-KClJ = 5 .o x 10-2 M; L-NaottJ 
~'' -1 M; O.D. (420 nm) for temperature in (°C) at 0:: i.O X 10 

tm 30° 35° 40° 45° 

0 0.205 0.205 0.205 0.205 

4 0.181 0.173 0.160 0.157 

8 0.161 0.144 0.130 0.112 

12 0.138 0.115 0.093 0.072 

16 0.108 0.090 0.074 0.041 

20 0.089 0.072 0.057 0.023 

24 0.075 0.058 0.031 0.008 

Sodium thiosulfate 

a) L-K3Fe(CN) 6 J = 1.0 x 10-3 M; L-NaOHJ = 1.0 x 10-1 l!I; 

L-KC1_7 = 5.o x 10-~1; temp. = (35.0+0.1) 0 c. 
O.D. (420 nm) for L-Soaium tiliosulfateJ at 

tm 1 r4 0.5 H 0.25 }!I 

0 0.291 0.291 0.291 

6 0.268 0.281 0.284 

10.5 0.227 0.279 0.280 

15.5 0.166 0.274 0.279 

21 0.101 0.262 0.277' 

26 0.049 0.247 0.274 

30.5 0.024 0.230 0.272 
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It) - . J -1 L J -1 L Sodium thiosulfate = 5.G x 10 M; NaOH = i.Ox10 M; 

L-KC1_7 = 5.o x 1o-2M; temp. = (35.o~o.1) 0 c. 

O.D., (420 nm) for LK3Fe(CN) 6 _7 at 

t 0.0025 ~-i 0.001 14 o.ooo75 M o.ooo5 M m 

0 0.323 0.291 0.259 0.227 

6 0.320 0.281 0.252 0.203 

10.5 0.316 0.279 0.244 0.195 

15.5 0.312 0.274 0.232 0.185 

21 0.310 0.262 0.216 0.174 

26 o.3o8 0.247 0.199 0.158 

30.5 0.307 0.230 0.181 0.138 

36 0.312 0.213 0.161 0.117 

40.5 0.304 0.199 0.141 0.099 

c) L-so._.ium thiosulfateJ = 5 .o x 10-1M; J:"KClJ=-5 .Ox1o-2t-i; 

L-K3Fe(CN) 6 _7 = 1.0x1C-3M; temp. z (35.0~0.1) 0c. 

O.D. (420 nm) for L-NaoaJ at 

tm Oo5 M 0.25 14 0.1 M o.o5 M 0.025 M 

0 0.291 0.291 0.291 0.291 0.291 

6 0.280 0.277 0.281 0.279 0.288 

10.5 0.273 0.274 0.279 o.276 0.284 

15.5 0.266 0.266 0.274 0.272 0.282 

21 0.240 0.260 0.262 0.272 0.266 

26 0.218 0.245 0 .2'1-7 0.251 0.260 

30D5 0.198 0.221 0.230 0.2.)6 0.239 

36 0.172 0.198 0.213 0.218 0.227 

40.5 0.159 0.177 0.199 0.202 0.209 
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d) ~K3Fe(CN) 6 _7 • 1.0x10-3M; ~NaOB:7 a 1.0x1o-1M; 

L- . . J ... 1 L- 7 5 - 2 Sod1um th1osulfate • ;.ox10 M; KCl_ = .Ox10 M; 
o.n. (420 nm) for temperature in (°C) at 

t 30° 35° 40° 45° m 

0 0.291 0.291 0.291 0.291 

6 0.287 0.281 0.275 0.254 

10.5 0.279 0.279 0.267 0.240 

15.5 0.279 0.274 0.2!)0 0.215 

21 0.273 0.262- 0.227 0.180 

26 0.266 0.247 0.200 0.160 
-

30.5 0.258 0.230 (,.169 0.119 

36 0.250 0.213 c.146 o.o61 

4c.5 0.243 0.199 0.132 c.o2o 

Sodium Dithionite 

a) L-Sodium ditaionite~ • 1.ox1o-3 M; L-KC1_7 = 5.ox1o-2M; 

~K3~e(CN) 6 _7 = 1.ox1o-3 M; temp. = (35+0.1) 0 c. 

o.n. (420 nm) for L-NaOHJ at 

t o.o~ M 0.1 M 0.25 M 0.5 ~4: m 

0 0.200 0.200 0.200 0.200 

5 0.189 0.175 0.180 0.180 

10 0.180 0.170 0.169 0.163 

15 0.177 0.164 0.162 0;,149 

20 0.170 0.157 0.153 0.140 

25 0.163 0.150 0.138 C.134 

30 0.157 0.152 0.132 0.132 

35 c.157 0.146 0.132 0.130 
40 0.156 0.142 0.128 0.128 
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b) f:K3Fe(CN) 6 J = 1.ox1o-3 M; f:KC1J = ;.oxio-2 g; 

CNaOH~ = 1.0 x 1c-1 M; te~p. = (35.0+C.1) 0 c. 

O.D. (420 nm) for ~Sodiuw dithioniteJ at 

tm 0.00075 M o.oo1 M 0.0025 M G.005 l·i 

0 0.200 0.200 0.200 0.200 

5 0.186 0.175 0.169 0.130 

10 0.182 0.170 0.154 G. CJJ9 

15 0.176 0.164 0.134 o.c66 

20 0.178 0.157 o.12c c.o54 

25 0.175 o.t?c 0.114 C.040 

30 0.173 0.152 0.104 0.027 

c) L-Sodium dithionite_7 = 1.0x1o-3; ~aOH_7 1.c x 1o-1M; 

~KC1_7 = 5.0 x 10-2M; temp. = (35.0 ~ o.1) 0 c, 

O.D. ( 420 rm) for CK
3

Fe (CN) 6 J at 

tm 0.0005 M o.ooc75 M o.oo1 M 

0 0.120 0.159 0.200 

5 o.o67 0.120 c.175 

10 o.Q63 c.11o 0.170 

15 0.059 0.108 0.164 

20 o.o55 0.103 0.157 

25 0.051 0.099 0.150 

J(.. o.o4B 0.095 0.152 
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d) L-Sodium dithionite_f • 1.0 x 1o-3M: ~aOH_7 1.0x1o-1M; 

£~Fe(CN) 6 J • 1.ox1o-3 M; L-KC1J D ;.o x 10-2 M; 

o.o. (%20 nm ) for temperature in (°C) at 

0 0.200 0.200 0.200 

5 o.1193 Oa175 0,158 

10 o.186 0.170 0•156 

15 o.t76 0.164 0~142 

20 0.168 0.157 0.135 

25 0.162 0.150 0.130 

30 0.161 0.152 0.122 

Potassiuo metabisulfite 

a) ~fotassi~ metabisulfite~ m 7.5 X 10-3M; L-NaOH_7 

L-KC1_7 = ;.o x 10-2 M; uemp. c (J5.o ~ 0.1 ) 0 c 
O.D. 

tm 
:;. .. _\:"; _..,. 

3-5 

6.5 

10 

14 

1.8.5 

21 

(420 nm) for L-K3Fe(CN)~ at 
o·oo1 M o· o 0015 M 

0.550 0.470 

0.465 0.405 

0.371 0.342 

0.292. 0.255 

0.223 0.152 

0.158 0.093 

0.123 o.o6B 

o·ooosM 
0.355 

0.266 

0.185 

o.11G 

0.067 

0.035 

0.018 
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b} L-x
3
Fe(CN) 6 _7 ~ 1.ox1o-3 Mi L-KC1_7 5.0 x 10-2 M; 

~Potassium metabisulfite_7 = 7.5 x 1o-3M; teap. 

~ (35.o ~ o.1) 0 c 

o.n. (420 nm) for L-NaOH_7 at 

t m. o.o5 • o.t. M 0.25 t.f o. 5 !.f 

0 o.55o o.55o 0.550 0.550 

3·5 0.484 0.465 0.377 0.360 

6.5 0.404 0.271 0.315 0.205 

10 0.290 0.2~2 0.191. 0.091 

14 0.187 0.223 0.11? o.o:;o 

18.5 0.136 0.158 0.075 0.009 

c) ~K3Fe(CN)~ = 1.0x10-3M; ~KC1_7 5.0 x 10-2 M. 

~Potassmum metabisulfite_7 = ?.5x10-3K; 

[""NaOHJ = 1.0 x 10-i M 

O.D. (420 nm) for Temperature in (°C) at 

tm 30° 35° 40° 45° 

0 o.55o 0.550 0.550 o.;;o 
3.5 0.465 0.465 0.421 0.415 
6.5 o.4o8 0.371 o.:;oi 0.266 

10 0.345 0.292 0.209 0.150 

14 0.284 0.223 0.131 0.088 

18 .• 5 0.229 0 .. 158 0.105 0.045 

21 0.203 0.123 0.065 0.010 
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SODIUM THIOCY~E 

a) J:ThiocyanateJ = 2.0 M; L-K
3

Fe (CN) 6 J =1.~10 x 10-31!; 

LNaOH_7 = 5.o x 1o-
1

M; L""'"KclJ = 5.0 x 10-2 M; 

o.n. (420 nm) for temperature in (°C) at 

tm 50 60 7.0 

0 0.251 0.251 0.251 

5 0.242 0.237 0.225 

10 0.231 0.220 0.200. 

15 Q.222 o.ao5 0.195 

20.5 0.211 0.193 0.180 

25 0.199 0.186 0.176 

30 0.190 0.178 0.172 

b) ~Thiocyanate_!= 2.0 M ; L- _7 -1 NaOH = 5.0 x 10 M; 

L~Cl_7 = 5.0 x 10-2M; te~p~rature = (50~0.1)°C. 

o.n. (420 nm) for ~K3Fe(CN)6-7 at 

tm 0.001 M 0.00075 M o.oo.o5 . ...M 0.00025 M' 

0 0.251 0.228 0.174 o.11o 

5 0.242 0.210 0.157 o.o9s 

10 0.231 0.202 0.147 0.088 

15 0 .• 222 0.196 0.140 0.083 

20.5 0.211 0.184 0.130 0.079 

25 0.199 0.173 0.124 0.070 

30 0.190 0.167. 0.114 0.066 
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c) L:K3Fe(CN) 6 _7 = 1.0 x 1o-3M; L-Thiocyanate_7 = 2.0 M; 

f1r.ClJ = 5.0 x 10-~; temperature = (50,:t.0.·1) 0 c. 

o.n. (420 nm) for L-NaOH_7 at 

tm 0.25 ~i 0.5 M. 1.0 M 

0 0.251 0.251 0.251 

5 0.242 0.242 0.229 

10 0.239 0.231 0.217 

15 0.227 0.222 0.208 

20.5 0~223 0.211 0.196 

25 0.214 0.199 0.189 

30 0.204 0.190 0.184 

d) LlK3Fe(CN) 6_7 = 1.0X10-3M; LNaOHJ = 
-1 ;;. ... 

5.0x10 M; 

L- J -2 KCl = 5. 0 x 10 M; tempere.:l:.Jire = (50,:t.0.1) 0 c. 
O.D. (420 nm.) for L-thiocye.::~ate _7 at 

tm 1.0 M 1.5 M 2.0 M 

0 0.259 0.251 0.251 

5 0.257 0.246 0.242 
10 0.-251 0.241 0.231 

15 0.244 0.236 0.222 
20.5 0.241 0.231 0.211 
25 0.238 0.227 0.199 
30 0.2.36 0.222 0.190 
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Tb.iomalic Acid 

a) L-K3Fe(CN) 6 _7 = 1.0 x 10-3 M; L-HCl~ = 1.0 x 10-1 M; 

L-KC1_7 = 5.0 x 10-2 M; temp. • (35.0 z 0.1 ) 0 c. 

tm 

0 

5.5 

10 

i5 

20 

25 

30 

b) 

tm 

0 

5 

10 

15 

20 

25 

30 

O.D. ( 420 no) for L- Thioma.lic acidJ at 

o.oo75 M o.o1 M 

0.209 0.209 

0.098 o.o65 

0.074 0.044 

0.060 0.039 

o.o55 0.026 

o.o46 0.025 

0.040 0.025 

0.025 M: 

0.209 

O.OC9 

0.007 

o.oo6 

o.co5 

0.004 

0.004 

L- Tlliomalic acidJ = 1.0x1o-2r.!; L-HClJ c:o 1.0x10-1 M; 

L-KC1_7 = 5.0 X 10-2 M; temp- = (35.0 ~ o.1)°C. 

O.D. (420 no) for L-K3Fe(CN) 6 _7 at 

o.oo75 M o.ooo5 M 0.001 M 

0.154 0.109 0.209 

o.o51 o.039 o .. o65 

0.037 0.027 0.044 

o.oJ2 0.022 0.039 

0.029 0.017 o.o26 

0.026 0.012 0.025 

0.022 0.011 0.025 
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.c) L-Thiooalic acid_7 = 1.0 x 10-2 M; - J -2 LKCl • 5.0x10 ~; 

~ K3Fe(CN) 6 _7 D 1.0 X 10-3 M; tecp! •(35.0~0.1)°Cw 

o.n. (420 nm) for L HCl J at 

ttl 0.1 0.25 Iif o.5o M 

0 0.209 0.209 0.209 

5 o.o65 0.091 0.110 

10 0.044 0.084 0.103 

15 0.039 o.oao 0.099 

20 0.026 0.073 0.092 

25 0.025 c.o72 0.091 

30 0.025 0.068 0.087 

d) ~Thiocalic acid_?= 1.0x10-2M; ~HC1_7 = 1.0x10-1M; 

L-~Fe(CN) 6 J = 1.0x1o-3 M; ;-KClJ = ;.axto-2 M; 

O.D. (420 nm) for temperature in (0 c) at, 

~ 

to 25° 30° 35° 40° 

0 0.209 0.209 0.209 0.209 

5 0.094 0.078 o.o655 0.051 

10 o.oa7 o.o67 0.044 0.043 

1.5 o.os2 0.057 0.039 0.036 

20 o.o76 0.052 0.026 0.031 

25 0.074 0.048 0.025 0.026 

20 0.070 o.o45 0.020 0.020 
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Tb.iophenol 

a) L-K3Fe(CN) 6 ~ c 1.0 x 10-1 M; ~KCl~ 5.0 x 10-4M; 

Solvent = L-MeOH: H20 = 80:2~ v/v_l temp.c(J5.0~0~1)°C. 

O.D. (420 nm) for L~hiophenol_7 at 

ti:l 0.0075 M 0.01 !! 0.025 M 0.05 M 

0 0.535 0.535 0.535 o.535 

6 0 .. 491 0.485 0.485 0.418 

i6 0.480 0.485 0.447 0.283 

25 0.471 0.470 o.J75 0.227 

30 0.468 0.455 0.339 0.180 

35 o.46G 0.445 0.291 0.152 

45 o.45S 0.432 0.286 0.126 

b) ~Thiophenol_7 = 1.0x1o-2 M; ~HC1_7 1.0 x1o-1 M; 

~KCt_7 = 5.0 x 10-~ M; Solvent LjMeQR:H20 = 80: 2<Yfo v /v J 
tenp. = (35.0 ~ 0.1) 0 c. 

, 

O.D. (4~0 nc) for ~K3Fe(CN) 6 _7 at 

t m o.ooo5 M 0.00075 M o.oo1 1~ 

0 0.328 0.350 0.535 

6 0.290 0.325 Ot.485 

16 0.260 0.289 0.485 

25 0.243' 0.27~; 0.4?0 

jO 0.231 c.265 0.458 

35 0.227 0.249 0.44' 

45 0.216 0.223 0.431 -- -~ ..... -~ ·- ~~ 
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c) L-K:;Fe(CN)6 J a .1,0 X 10-31-1: [*Thiopb.enolJ :;I 1.0x1o-2M; 

L-HC1J a: 1.ox1o-1 M; L-KClJ = 5.0 X io-4 M; 

teop. = (35.0 + o.1) 0 c. -
o.D. (420 nm) for solvent L1MaOH:H2~~ v/v_7 at 

tm 65 70 75 so 85 

0 o.535 0.535 0.535 0.535 0.535 

6 0.512 0.507 o.5o5 0.485 0.496 

16 0.490 0.490 0.478 0.485 0.458 

25 0.481 o.~.st 0.469 0.470 o.432 

30 0.474 0.476 0.458 0.460 0.414 

35 0.469 0.461 .o.449 0.445 0.402 
' 

45 0.458 0.450 0.432 0.429 0.390 

d) L-ThiophenolJ • 1"0 x 1o-2r{; CK3Fe(CN)6-7 = 1.0x1o-3M; 

L- ~ J -4 < )o KC~ 5.0 x 10 M; teu~. = 35.0 ~ 0.1 C. 

Solvent = CMeOH: H20 = 80:200" v/vJ 

O.D. (420 nm) for LHClJ at 

ttl o.1 M 0.25 I( o.; K 

0 0.535 0.535 0.535 

6 0.485 0.463 0.430 

16 0.485 0.455 0.416 

25 0.470 0.441 0.409 

30 0.460 0.434 0.401 

35 0 .. 445 0.429 0.395 



Solvent • L- MeOH : H20.a 80:20% v/v_7 

O.D. (420 mil) for temperature in (OC) at 

to 30 35 40 %5 

0 0.535 o.5J5 o.535 0.535 

6 0.501 0.485 0.479 0.462 

16 0.491 0.485 0.445 Q.431 

25 0.471 0.470 0.422 0.398 

30 0.460 0.456 o.4oo 0.370 

35 0.441 0.445 0-392 0.355 

45 o.43o 0.431 0.385 0.331 
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1. KINETICS OF OXIDATIDN OF SCHE ALIPHATIC AMINES 

BY AL~INE HEXACY.ANOFBRi1.ATE ~III) 

The kinetics of oxidation of some aliphatic amines 

(oethylamine, dimethylamine, trimethylamine, ethylamine, 

diethylamine and triethylamine) by potassium hexacyanoferrate 

(III), in alkaline medium, at constant ionic strength, under 

a nitrogen atmosphere, has been studied. 

The rates o£ these reactions were found to be 

dependent on the first pm·lors ..:>f the concentra tions of both' 

substr~ta and oxidant. The rate of the reaction was independent 

of the concentration of alkali in the range studied, for 

methylai:!.line· and di4lethylauine. J .. n. alkaline pi-l \'ras.e·eessery 

for the facile oxidation of ·;:;hese amines. Tl1ough tllere was 

no dependence on L-alkali J over the pH range -studied, the 

reaction "t'las not independent of pH, in tha vJider s·ense.. 

All the other amines ( trimethyl~ine, ethylaoine, 

diethylars"ine and triethyla;.:._ine) u:nder·wm.1t facile oxidation by 

aqueous hexacyanoferrate (III) in neutral aedi~, that is, 

~ithout using any alkali. 

The effect of changes in tewperature on the rates 

of the reactions has been studied, and tha activation paremetero 

have been evaluated. 

Variations in the ionic strength of the medium, 



changes in the concentrations of added hexacyenoferrate (II) 

io~s, and the addition of salts, did not have any effect on 

the rates of these reactions. 

The presence of radical intermediates, forGed in 

the rate determining step of the reaction, has been detected 

and characterized by ESR spectroscopy. 

The reaction pathway hes been mechanistically 

visualized as proceeding via the formation of radical 

intermediates in the rate deteroining step. The radical 

underwent further reaction to yield the products. The products 

forQed from the oxidation of oethylamine, dioethylamine and 

trinethylaoine were the respective N-acyl derivatives. The 

products from the oxidation of ethylaoine, diethylamine and 

triethylaQine, were the respective dealkylatad products. These 

products were characterized by analytical and spectral methods. 

2. KINETICS OF OXIDATION OF SOl'lE &1-0l"f..J..TIC .Al·HNES BY 

JI.LK'.A.LINE HEXACYJ4.N OFM'...&l.ATS (I I I) • 

Tbe kinetics of oxidation of sooe arooatic enines 

(aniline and substituted anilines, N-nethylaailine. N-ethyl­

aniline, N,N-diuethylaniline, N,N-diethylaniline, benzylamine 

and substituted benzyl~ines, diphenylamine and substituted 

diphenylaoines) by potassium hexacyanoferrate (III), in 

alkaline nediuo., ·at constant ionic str-ength, under a nitrogen 
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atmosphere,hee been studied. 

The rates of these reactions were dependent on the 

first powers of the concentrations of both, substrata and 

oxident. The rate of the reaction was independent· of the 

concentration of alkali in the range studied. kn alkaline 

~q wes necessary for the facile oxidation o! these a~ines. 

The reactiJna were influenced by changes in the 

temperature, and the activation parameters nave been evaluated. 

Variations in tne ionic strength of the medium. 

changes in the concentrations of added haxacyanoterrate (II) 

ions, and tbe addition of salts, did not have any effect on 

the rates of these reactions. 

Increasing proportions of oethanol resulted in an 

increase in the rate of oxidation, in the case of aniline and 

diphenylacine. In the case of N,N-dioethylaniline. the reverse 

trend was obaerved. Flots of log kobs against the reciprocal 

of the dielectric constant were linear, indicating that the 

reactions under consideration were of the ion~dipole type. 

The introduction of electron-releasing groups 

caused an increase in the rate of the reaction. whereas 

electron-withdrawing groups caused a decrease in the rate 

of the reaction. H~tt plots of log kobs against ~ (or ~) 

were linear~ wtth the values of ~ ~- 1.0 (anilines), and 

~*- i.O (for diphenylamines ~nd benzylamines). The J' 
values for these substrates (anilines, diphenylacines and 
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benzylamines) were in the range ~r pro~asew •herein ~he 

rate determining step involved the formation of redical . 
int~roediates. 

The oxidation of banzylacine -~-d2 exhibited a 

kinetic isotope effect, with ka/kD • 6.,, indicating a cleavage 

of the c-~ bond of the oethylene graup attached to the aryl 

ring, resulting in the foroation of a radicel intermediate 

in the rate - determining stap of the reaction. 

The presence of radical intermediates was detected 

and characterized by ESR spectroscopy. 

~he reaction pathway has been mecbanistically 

visualized as proceeding via the forQation vf a radical 

interoediate in the rata detarminin~ step. The radical was 

rapidly converted to the products. Efforts to isolate 

intermediate product(s) ware not successtul. 

The products obt~inad from the oxidation of the 

VPrious aromatic anines, were: 

(a) azobenzene (80-85~),-froo the oxidation of aniline; 

(b) formanilide (70%) fron t~e oxidetion of N-methylaniline; 

(c) formanilide (7~fo) and foroaldahyde (1~).from the 

oxidation of N-ethylaniline; 

(d) N-oethylforcanilide (75%), frum the oxidation ~f N,N­

dicethylaniline; 

(e) foraanilide (7~fo), acetaldehyde (1~) end formaldehyde(10%), 
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from t:1e o:~tidation of N ,N-diet:lyle.nilina; 

(f) tetraphenylhydrazine (00%), froo the oxidation of 

diphanylaoine; 

(g) benzaldehyde (OO%) and anuonia, from the oxidation 

of benzylanine. 

The products forced. in each ease, were isolated and 

c!.laracterized by nnalytical a.nd spectral oathods. 

3. KINETICS OF OYJJ)LTI ON OF SOW~ INOR.GJ.NI C SULFUR 

COI-a>OUNDS BY M·AAJ·TI-18 HEXACY.ANOFERRAT~ {III). 

The kinetics of oxidati~n of soca inorganic sulfur 

coopounds (sulfite, oatabisulfite. dit~ionite, thiosulfate 

o.nd tl:liocyanate) by potassiUJ.:.l ll3:lte'.cya.noferrata(III), in 

alkaline nediuo, at constant ionic strength, under a nitrogen 

atoosphere, has bean studied. 

The rates of the reactions were observed to be dependent 

on tne first powers ot the concentrations of each, substrate 

and oxidant. T~e rates of the reactions were dependant on 

the first powers of the concentrations of alkali in the range 

studied, in the case ot &ulfite. ~etabisulfite and dithionite 

iofis. In the case of thiosulfate and thiocyanate ions, the 

rates were independent of the concentrations of alkali in the 

re..nga studied. 
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The rates of t~e reactiJns were influenceu by changeo 

in teoperature, and t~e activation paraneters have been 

evaluated. 

Variations in the ionic strength of t~:.3 mediun, and 

chaneas in the concGntrati~ns of added hexacyanoferrate (II) 

ions, did not have any effect on the rates of these reactions. 

Radical internediates were detected in the oxid~tion 

reacti~ne of sulfite, dithionite and thiocyanate ions. 

The nechanistic pathway envisaged the fvroati~n of 

r~dical interoediates, in the case of t~e oxio~tion of 

sulfit3, dit~ionita and thiocyanate ions. Rapid dinerizatior­

yielded the products, waich were isolated and c2euacterized. 

In t~e oxidation of t~iosulfate, the internediate anion 

underwent r~pid dimerization to yield the product, which 

wes isolated ar.d characterized, 

4. KINETICS OF maDJ .. TION OF SOME OaG.ANIC SULFuR COI1POUNDS 

BY ACIDIC HEY.ACY.ANOFER&ATE (III)-

The kinetics of o.xic1ation of sooe organic sulfur 

coo.p:Junds (thioraa:lic acid, thioglycolic acicl and thiophenol) 

by potassium heJtacyanofarrate (III), in acidic medium, at 

constant ionic strength, undor a nitrogen atnos_p~1ere, l1e.s bae:c. 

studied. 
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The rates of the reactions showed a first order 

dependence on the concentrations of each, substrate and 

oxidant. Tl.1.e ratee- of the ree~ctions sl1.owed ~ first order 

dependence on the concentration of acid ( in the case of 

_thioglycolic acid and thiophenol), but snowed an inverse 

dependence on the concentration of the acid, in the case 

of thiomalic acid. 

The rates of the reactions were enhanced, with an 

increase in the temperature of the D?dium. The activation 

parameters haye been evaluated. 

Increasing proportions of sethanol resulted in an 

increase in the rate of tL1.e reaction, in· the ce..se :>1 thiopher.:ol • 

.A plot of log kobs against the reciprocal of the dielectric 

constant vias linear, indieating that the reaction; "Vlas :>f t~1e 

ion~ dipole type. 

Variations in t~e ionic strength of the mediuo, 

changes in .the concentrati:>ns of added hexacyano :rerrate (II) 

ions, the addition of salts~ and the addition of the product 

itself, clid not have any effect on t:1e rat.es :Jf these 

o~ridc-.tion reactions. 

The pr·esence of radical intermediates v1as detected 

and characterized by BSR spectrosc~py. 

The mechanisr.a of t~1e reaction· involved the foroation 
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of radical interoediates in the rata deternining step • 

The oubSeguent step involvad <:~ rapid dLaarization of the 

radical, to yield the respective disulfide. The products 

forned have been characterized by anal)~ical ~nd spectral 

methods.· 
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